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SUMMARY

This report summarizes a 3-month engineering effort by

€ r -

Structures Division'pefé;nn;i'to'défihé a'étrﬁétuféliQ’éffléieﬁéqéﬁdf
' stable Shuttle launched space Station. Potential uses for the Space
Station were established to be

a) Servicing and construction of orbital transfer vehic1e$
(OTV) for launch to geosyncronous orbit

b) Satellite servicing and repair

'¢) Laboratory industrial manufacturing and experiments

d) La}gé énfennavteéhﬁoiogy kbuiléup ahdnsérviéing): (
e) Earth observation

f) Communications

-g) Space observation

Based on a detailed study of these potential uses, efficient and
maximum operation dictates that the Space Station, regardless of
" configuration; must ‘have a'Iargej-flat;'stiff>structure-to serve-as a
work base to which the 0TV, satellites, etc. are attached during
their construction and/or servicing. Furthermore, this platform to
be lightweight, should be a trdssed structural element, and to
minimize Extravehicular Activitf (EVA); should also be deployablu.—
- Thus, it was concluded that one critical element of any Space Station
should be a planar truss that can be constructed on the ground,

packaged for transportation in the Shuttle, and deployed in space.

~ mmrid



Another element that is considered critical to a functional and
cost effective Space Station, is the Universal Module. Universal
~Modules are structurel,shelle with the same design and cons;rpctigp
regardless of their function (habitar, iab, ete). These modules een
be used for varioue purposes by tailoring the internal arrengemenr

(equipment, partitions, etc) to meet the specific function.

To minimize the changes in gravity gradient torques and the
overall dynamic characteristics that can occur when the large masses
‘(associated‘withUOTV, sa;ellites etc) are attached,'removed, and

moved around on the Space Station, transient masses should be pleced

as near the Spaice Stativn center of mass as possible.

The demands of antennas and solar cells for accurate positioning
and the requirements of adequate stiffness to avoid undesirable
structural distortions are considered serious and thereby will
~ dictate the design. Therefore, one further characterlstic essential
. to the primary structure is a high rigidty of the assembled e

components when they form the full operational Space Station.

The Space Station cenfiguration that has these essential
!features consists of three large erectable trusses, six modules, and
" three tunnel Systemen(see figure 0.V). 1In two Shuttle flights a? )
habitable hut limited operational station can be delivered to orbit,

For a fully operational Space Station eight flights are required.



Sutficientvengineeting was performed to demonstrate the feasi-
biiity of this Space Station configuration, and insure that no major
design éroblems would exist. The confiquration presenfed in this
'study is such that it can be furthef expanded (asAdesitedd to a much
larger Space Station (éée figure 0.VI) by adding more trusses and
modules, and the resulting configuration would possess the same

yeneral characteristics as the original.
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0 INTRODUCTION

Q.l” Background. e e

-

the energy of the perospace community can now be focused on the
establishment of a permanent Space Station. During the past 20
y~ars numerous studies have been performed that resulted in various

saace laboratories, bases, and stations utilizing different launch

vehicles, Recently, preliminary studies (e.g., Rockwell and Boeiny)

have been completed using the space shuttle. These studies (and the

resulting configurations), while of great value; leave much to be

desired relative to structural design and providing inherent

'capabilities to meet long term Space Station needs such as space

basing an OTV, satellite servicing and space construction.

To arrive at a Space Station design that provided the

needed capabilities and which was strongly influenced by structural

) ;_apd.phgfmaligoqsidqragiqns,qnd_to more deeply involve key personnel
" in the Space Station design effort (previously occupied with Shuttle
.~ design certification and analysis) a Preliminary Space Station

‘Design Team was formed. This team is composed of eight full-time

and six part-time engineers with expertlge in the areab of

prellmznary structulal dcsign, rigid body djnam cs and control,

thermal analys1s, and materials. The txre allocated to this lnxtzal

_design effort was the 3-month period between June 14 th:ough

September 15, 1982.

e h o0 7 With ‘the prééentlreality’éfFan\dpé}atiohal‘Spaéé Shuttle,

.
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0.2 General Plah

The general design and.analysis plan followed by the team

is shown in figure .0.I.

S
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GENERAL PLAN
SPACE STATION
PRELIHINARY DESIGH TEAM

| STUDY PAST HORK A
°  FUNCTIGHAL OBJECTIVES OF SPACE STATION

© ELEMENTS REQUIRED BY MAJORITY OF STUDIES

© STRUCTURAL CONFIGURATION STUDIL> IN THE PAST

(ASSCCIATED PROBLEMS)

T

2.

CONFIGURATION DEFINITION

® KEH STRUCTURAL ELEMENTS

° END ATTACEMENTS

® SPACE COHSTRUCTION

° ORBITER STORAGE DURING LAUNCH

NOTE: CARRY Oﬂf CORCEPT FURTHER

g

3.

DETAILED ERGIREERING

.. ° . STRUCTURAL DESIGN ANALYSIS

° THERMAL AHALYSIS
° ON-ORBIT DYNRMIC AHALYSIS

L3

4.

REPORT RESULTS

® FORMAL REPORT
° HOOD HODEL?
°  SKETCHES
-+  CONFIGURATION
. CONSTRUCTION :
ORBITER STORAGE TECHMIQUES
. END ATTACHMENTS
®  PRESENTATION

FIGURE 0.1

}
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0.3 Evolution to the Final Confiquracion

After completing,the Eirst block of the gcneral plan (paStA

_Vwotk 5tudied) vatious concept were propobed by the team. Three of

. MR . W
PR S o - & cr(., L S

¢
N .
I A 4

the inltial configurations entertalned vere
. 1. The Erectable Rigid Spheres
2. The Building Block

3. The Ercctable Hexrgonal Hanger

R PR N TR

A sketch of each is shown in figqures 0.II, 0.IIX, 0.1V.

Each configuration had 3 n:mber o‘ advantageou features. )
v S :oPor example, the Erectable Rigid Spheres configuration eliminatcé Co
the need for solar cell orientation, utillzed gravity gradient
v stabllization and was composed essentially of erectable structure.

A The Building Block offered,arvery compact side by side module

e ———— A A A B et s . AR A arr L

configuration which minimized the cable and tubing lengths, utilized

minimum length solar arrays (i.e., no flexible beams) and provided

for shirtsleeve servicing of the solar array drives. The Erectable
'chagonal Hanger coﬁfiguratlon utilized bolar cells rxgxdily

attached to the trusses and provided for internal center of gravity

1}

I R e T

location which contributes to ygreater overall control and good

center of gravity management.

" The Erectable Hexagonal Hanger seemed to have the best ?
potential for meeting ithe general Space Station objectives. The six
sided structure, as initially envisiéned, would have a tendency to
distort cross-sectionally unless the corncfs were made extremely

! . :. stiff and consequently heavy. To minimize this tendency, the

P
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ERECTABLE HEXAGONAL HANGER -

FIGURE 0.1V
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decision was made to use & 3~sided, inhetehtly stable, cross section
for the configuration. This triangular configuration, after some
slight modifications, was chosen for the,detqiled engineering

analysis (square 3 of general plan).
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0.4 Description of Triangular Space Station Configuration

The baseline configuration for the design analysis is
comprised of six muduies and three deployable tetratruss flat
platforms assembled. in such a way'that an opeh triangulaf shaped
structure (see figure 0.V) is formed. Each of the three apexes has
two modules (figure 0.V, item 1) and each of the thrce flat sides are
the.tetratruss platforms. Tentatively there are two habitat modules,
two service modules, a logistic module and a lab module. Each module
is aproximately 14 feet diameter and 46 feet long. Each platform is
épproximStély 125 feet long, 70 feet wide, and 8.4 feet thick. Three
connecting tunnels (figure 0.V, item 3) run between apexes and join
the modules so that 3ll nmodules are accessible to one another. These
tunnels are pressurized, and about 6 feet in diameter, and have a
tcleécéping featuré that permits then to be stowed in the midfuselage
bay. Item 4 of figure 0.V is the solar panel that ls fastened to the

outside of ore of the tetratruss platforms, sized to supply 50 kw of

‘electrical power.. .ltem .5 of figure 0.V is one of the two radiator

panels (mounted to the outside surfacec of the remaining two
platforms) that radiates excess heat to space. Item 6 of figure 0.V
is a manipulator‘system to move and work with payloads such as,
0TV's, satellites, tanks, etc. The entire assembly is about‘90 feet

long and the distance between apexes is 138 feet.

n
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0.5 Configuration

This configuration affords the fellowing advantages
i; vThé,threg structural trusses (forming the largest Space
Station component) are fabricated on the ground, collapsed, launched
in the Shuttle, and erected in space, The structural trusses are

designed to require minimum EVA during construction.’

The configuration buildup sequence can be tailored to the

Space Station funding schedule. The first three flights comprise a

_Space Station (trusses, habitat module, and a service module)..

Additional modules and handling eyquipment will be brought up on later

flights as funding hecomes available.

The solar cells, used for electricity gencration, are
attached to onc of the stiff truss sides and therefore eliminates‘the

problems assocliated with very flexible solar panels.

» . L © . . « . x . N .. o, e s
. . " > ot e, o+ .. .

" The center of mass of the basic Station is located
internal to the structure which allows for ease of control and

center of gra&ity management during OTV and satellite servicing.

>'?he open truss construction of the sides'offer excellent

‘work areas for OTV and satellite servicing as well as largye antenna ’

construction.

The modules are cylindricél units that fit nicely into the

Orbiter payload bay for delivery, znd are designed such that the

13
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structure is used to accommodate the launch loads as well as the

loads induced throdgh the trusses by daily operations. The

configuration, while baselined as inertially oriented, can be easily .

oriented to earth since very low gravity gradient torques are

ekperieﬁcea.

The thruster units for Space Station orientation are three
in number and are located at the very stiff and strong corners of the

truss triangles. This eliminates the need for additional weight

o -
- Lc -
LI

required by thrus;'loads.
The basic Trianqular Station configuration can casily be

expanded by the addition of trusses and modules. This configuration,

-when expanded, resembles a honeycomb (figure 0.VI),

14
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- 1.0 Space Station Thermal Analysis

1.1 Thermal Pesign Ghjectives

The primary thermal design objectives aédtéésed in thié study ére:‘

(1) Efficient space: station thermal energy management.
(?) verification of acceptable temperature levels of structural
components,
(3) Maintenance of habitat module wall temperature levels above the
condensation point.,
" (4) ""Assessment of configuration sensitivity to thermal coatings and

insulations,

Efficient thernal energy management in a space station concept should begin
with a structure that maximizes passive thermal control. This is accompl ished by '
selection of appropriate coatirgs and insulations with properties tailored for lony
duration attitudes in Earth's orbit.

' ié bééii;iéér}-thgrﬁgl.ahéf&éfs'bh;'ﬁe}éo}héd on the triangular = "
confiquration in order to assure a thermally efficient design. This involved a rough
sizing of insulations and specification of coating characteristics, It was also
necessary to confirm that the solar arrays would have adequate hack-side radiation

capabllity to operate at as low a temperature as possible, enhancing power gencration

efficiency. Truss struéture'temperature levels and possible gradient ranges werc to -

be established to justify radiator placement and to predict thermal stresses in the

structure.

Qné of the primary goals of the thermal design is to maintain the habitable

module inner pressure vessel wall at a temperature’higher than the internal dewpoint

16
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>temperature (i 2., greater than approximately SOOF) to prevent coqdenqation on the

module walls., This ‘would he accomplished by reﬁucing strong circunferential gradxents 7
‘b¢%inF§§e wall. These gradients are controlled by balancing the influence of the external -

.\environment against the internal heat load. Designing for a controlled heat rejection

capability through the wails of the modules enables wall surface temperatures to be
maintained at desired levels while reducing the internal load imposed on an active

thermal control system.

Another objective of the thermal design involved assessing the sensitivity
‘of the configuration to thermal coatings, assuning various insulation effectivities.
ZiThe thermal coatings’ determine the amount of heat flux that is absorbed and re;ected
on the surface of the structure while the insulation modulates this flux inte and out
of the internal compartmenﬁs. The sensitivity would preferably 5@ low due to ’
degradation that will occur to the coatings. Additionally, an insensitive
configuration would imply that less esxotic coatings could initially be utilized,

reducing build-up and refurbishment costs,

.
. .
.

""" *I:2'V'Thermal Analysis . «
V Thermal math models were constructed to assist in the analysis of the

" proposed configuratien and to enable assessment of thermal cantrol materials. The
thermal radiation analysils system (TRASYS) was used to determine heat loads to the
,exteénalﬁsurfeces of the vehicle and the systems 1mp;oved numerical difﬁerencing

- analyzer (SINDA) enabled temperatures to be computed from these flux levels.

1.2.1 Thermal Radiation Geometric Math Model

To accurately assess the influence of the external thermal environiment on

,the proposed configurations, a TRASYS geometric math model was develo;ed hs ahO&R in

;‘Afigure 1. l, modules and tunnels are represented hy close8 cylxndrical shages whxle the

7
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. solar arrays and trusswork are represented by planar surfaces., Initial TRASYS analysis

reoulted in the calculation of form factors between surfaces, taPing into account

“

fr multiple inter-reflections between the surfacoc, arxl between thc surfaros and space.

Using these form factors, several cases were run assuming various solar
wavelength absorptivities of surface coatings (6(y = 0.2, 0.3 and 0.5). These absorp—
tivities are to represent preferred, as well as degraded, coating properties. jhc in-
frared erissivity was assumed to remain constant at a value of 0.9. Solar array
absorptivity and emissivity were set at 0.7 and 0.9, respectively. The result of this

“analysis was a set of rédiation conductors which are utilized in the SINDA thermal

netwérk.

An additional output of the TRASYS analysis is the incident and abscrbed
heat flux on surface nodes. These are computed by Inputing orbital altitude, inclina-
tion and vehicle orientation with respact to the earth and sun. The heat rates are the

sum of albedo, planetary, and direct solar influences during the des ignated orbit.

-°:Ahserbed heat fluxes at-a nember of points throughout the orbit can be input. into the

SINDA analysxa for a transient analysis or an average absorbed fluxz can be input for o
steady-state analysis, To represent t?is configuration study, the orbital altitude was
taken to be 250 statute @iles at an Inclination of 28,59, The vehicle attitude was
with the solar array surface oriented towards the sun during the orbit {i.,e,, solar

inertial),

1.2.2 Thermal Conduction Math Model

While the TRASYS math model depicts tho offect of the external cnvlronm&nt
NK
on the surface of the vehicle, the SINDA math mocex utilizes these anlucn»eb to

predict temperatures at the surfaces and throughout the structure. A0 cxample of a

i9
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-
? .

[" /SR



o

module and tunnel representation and nodalization is given in fiqure 1.2,

Th° module structurc is assumad to be an aluminum preesuze vessel 0 06—1n.
thick. The wallq of tha pressure vessel are covered with an internal ibrous L-typc
insulation and an external multiple—layer insulation (MLI). The intetnal insulation

assumes 10-15000 type properties, given in reference 1, although that particular

. material may not be suitable for habitable areas without some form of coating. The

nominal thickness of the internal insulation is 1 inch. Multiple layer insulation was
chosen for the external surface of the module because of its extremely low conductiv-
ity in a low preqsure environnent. The nominal MLI wais comprised of 81 layers of em-
bosecd °lngle—a1uminxzed mylar thh an uncompres“ed thlckneas of approxxmately 0. é in;
Properties of this insulation are given in reference 2., Standing off from the medule

pressure vessel wall at approximately 4 inches is an aluminum micro-meteroid shield of

0.04 inch thickness.

The tunnels are modeled with an inner wall thickness of 0.03 inch and an

outer shield thickness of 0.02 inch, both of which are aluminum separated by O., inch

T of MLI of the type prevxoualy nyntionod “The 1nt°rna1 “air convcction coefflcxcnt for

both the tunnels and modules was computed to be approximately 0.15 Btu/hr £t20F, The

module air temperature is held at 70°F, while the tunnel air temperature is allowed to

- float. This allows a calculation of the miniimum required internal heat load to main-

tain a module at shirt sleevo conditions. The surplus heat load would ba rejected

“through the radiator loop. Tunnel air temperatures are assumed to float to ascess the

impact of non-continuous environmental control in those volunes.

Properties for the trusses were assumed to be similar to those of aluminum,

so are modeled as being of equivalent conductance of a sheet 0.0045 inch thick. This

20
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 is Cefinitely an area where greater modeling accuracy is reguired, but is beyond the
. . scope of the present study. Truss attachments to the modules are adiabatic because of
‘the proposed small area of attachment, so have only a radiative influence upon the

‘modules and tunnels.

The solar cells will be cooled by their backside radiation ability, so the
backside emissivity is assumed to be 0.9 with the front side solar absorptivity of
0.7. Thermal conductivity and capacitance is modeled as being an aluminum sheet of 0.1
inch thickness. This is also an area that requires more detaliled modeling to accura-

tely depict the array and structure components.

Internal heat load in the modules, gyenerated by electronics, power
conditioning‘equipment, and environmental control hardware will be rejected to space
via heat pipe radiators., Single-sided radiators which radiate from only one cide
rather than two, are capabable of rejecting roughly 31 watts/ft2 while operating at
approximately 60°F with a 13 watt/ft2 environmental heat load. This would imply that

for a module heat load of approximately 50 kw., as conputed in reference 3,

ML R A ) R

radiative surface of approyxmately 2800 Etz would be required. To model the affects of

‘this heat load on the configuration, certain truss nodes, shown in figure 1.3, are

held at 60°F. The nodes Eomprise a total of 10,800 £t2 of radiator area for the six

modules. This area would have the capability of rejecting approximately 180 kw of
thermal energy. The purpose of overaizing the required radiator area is to as*cqs what
the effects of radiative blockage to space and additional heat load would be on the

solar array.

Using the above mentioned mathematical modeling parameters, a steady-state

"~ analysis was run to determine long duration temperature levels. Insulation effective-
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ness and coating characteristics were then varied parametrically to ascertain the con-

figuration sensitivity to degraded properties.

fg(fh o - .? 3 AnalytiCal Results B . T '<{Q SR & . ? o ; Ti

*ables 1.1 through 1.3 reiterate the assumptiono made for the baseline '

triangular configuration. A steady-state thermal analysis, using these parameters with

# surface solar absorptivity of 0.2 and an average orbital external heating rate, was
'''''''' o carriéd out to establish a temperature distribution in éﬁe structure. Figure 1.4 shows
a nodal breakdown of the conflguration with surface temperatures indicated in the
;;‘ - appropriate areas. As shown in the figure, the largest thermal gradient (of
) ‘”épproximétely 101°F)(ap§é$r§ on a %uﬁlft module micrometerbidﬂbuméer Shiéld;uﬂoéeVer;ﬁ

the shadowed module surface also experiences a gradient due to the warming effects of

o the radiators and radiated heat from the solar array on the front of the module versus

A

the large view to space on the backside. Gradients within the truss structure are
relatively small (100°), with side to side gradients being somewhat larger
(approximately 150°). Tunnel air temperature varies from -9°F on a sunlit side to

-389F on the shadowed side.

. L. ev e . - « e e . . . * . . .
.t vt et L I Tt I e LI ‘. T et et . M LI . B . e P

The solar array temperature, as with the other temperatures in the steady-
state analysis, indicates the orbital average temperature. Silicon solar cells at the
indicated temperatures of épproximately'loooF (389C) should oéerate at an efficiency

" of roughly 85% of their sunlight conversion efficiency according to figure 1.5 from
‘~>* : ., refexence 4. However, due to the orbital vazlation of impressed heatxng rates, array
o temperatures would vary widely. T; assess what those varzatlons would be, a transient
analysis was carried out. Figure 1.6 illustrates the predicted temperature range of
the solar cells. This indicates that peak temperatures would be approximately 150°F.

At these high temperatures, conversicn efficiency would be reduced by 27%. hhen ‘

; compared to a confxguration which does not 1nclude the heat re;ectlon capabxl:tleb of

24
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TABLE 1.1  ANALYTICAL ASSUMPTIONS

e

SURFACE EXTERNAL InreRNAL - EXTERNAL InternaL | Coustant
STRUCTURE PROPERTIES - SKIN SKIH InsuLATION lusutATion Tenp
s = 0.2 0.04 Incu 0,05 Incu HLI - 81 Lavers 16-15000 ~INTERNAL
HoDULE = (.9 2219 Al 2219 Al Enpossep SineLe- | 1 Incu
4 Tucues OFf Aruminized Mviar
InTernAL Sk 0.5 IncH
;= 0.2 0,02 Incu 0.03 Incn Sate As .
TusNEL 2219 Al 2213 A1 : .
= 0,9 . Hone Ro
0.5 Tuce OfF Aove »
InternaL Skin
= (,2 0.0045 Incw - - . . "
Truss S 2219 AL ko
_ 0.8
ARRAY = 0.9 2219 Al '
- 0.2 ﬂul INCH
RADIATORS 5 t 0.3 2219 Al - - - 60°F
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TaBLe 1.2 MurTipLe LAYER INSULATION
ConDUCTIVITY

4
o

At <1X 108 pspy

TEMPERATURE

OF Bru/HR Fr20F

-400 ' 0,000076

- 10 0.000076

35 0. 000086

80 0.000105

125 - - | - 0.000180

170 0.00031

215 0.00076

TaBLe- 1,3 TG-15000 ConbucTIVITY

(AT 1 ATMOSPHERE)

J. TEMPERATURE . ;
R Y
-200 0.0093

L -50 0.0146
100 | 0.0195
250 0.0255

- 400 0,0320
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imately 10°F higher, This would indicate that consideratiéns should be taken to assdre

placement of radiator surfaces so their heat load and space viewing hlockage would not

the radiators, the average array temperature and the peak cell temperature is approx=-

markedly affect the temperature level of the solar arrays.

To assess the confiqurcetion sensitivity of coating degradation and insula-

tion effectiveness, a variety of computer analyses were accomplished varying surface

absorptivities and insulation conductivities. For each solar absorptivity of 0.2, 0.3,

" and 0.5, eight cases were set up as follows.

Case }
Case
Case

Case

(52 B S - I

Case

Case 7

Case 8

Results that were
wall temperature,

These comparisons

LCase §

~ 7 . PR N
w7 o .

Baseline assumptions as in Tables 1.1 through 1.3

i

Internal insulation 0.5 inch thick

Internal insulation 0.25 inch thick

Internal insulation 0.05 inch thick

t

H

Internal insulation 0.05 inch thick, MLI conductivity increased

by a factor of 2

:_ngqrnqll§Q§glqt§?p'0.95 }pgh thick, MLI conductivity increased
by.a factorofAS - | S

- Internal insulation 0.05,inch thick, MLI conductivity increased
by a factcr of 10 | / V

~ Internal insulation 0.05 inch thick, MLI conductivity increased

by é factor of 20

being compared in this analysis were shadowed module
shadowed module heat loss rate, and sunlit module heat loss rate.

would establish a range of coating and insulation requirements for

the habitable modules and assess the effects on the structdre as a whole.

[



L

F oS RBOAY. T e KA EL Y I SRR I T

. Figure l 7 illustrates tha shadowed ﬁodule wall tempsrature with the ,'

.

various cases. It is readily apparent that increasing absorptivity would have little

PR (,(H e £ ]
effect on this module because of its continued location the shadow of the solar array-

throughout the orbit. Cases 1 through 4 demonstrate the relatively minor role that
internal insulation plays in maintaining internal wall terperatures, with a reduction
in thickness of 1 inch to 0.05 inch increasing the temperature by only 1°F, out of a
total internal to external temperature drop of apnroximately 1750F. The heat loss rate

from the shadowed module, as shown in figure 1.8, confirms the relative ineffective-

a

ness of internal insulation as the reduction in thicknn s by a factor of 20 increaseo

« “

the heat loss rate by only 1%.

Decreasing the effectiveness of external insulation, however, has a signi-
ficant effect on the module wall temperature and rate of heat loss. If the dewpoint
temperature were to be held in the range of 50°F, the MLI would have to be at least as
effective as in Cese 8, preferably with lower conductivity, as in Case 6, which is

only 5 times the assumed baseline value. This would maintain the module wall well

..épovewthc.dcypoint‘tcmpcrgture,.prevcnting formation of condensation. The trade that

would ba ‘involved with the more effective insulation would be the increased internal

‘heat load that would need to be rejected by actlive systems, i.e., the radiators. The
‘load which would he rejected by the active thermal control system would bhe the sum of

' the internal heat loads ninus the h at which i" being 1ost through the module walls.

- Figure 1.9 depicts the heat loss from a sunlit module. It can be seen that
the absorptivity characteristics markedly affect the heat loss rates. However, the
difference between the rates would be less than the-margin for uncertainty that would
be designed into a thermal control system capable of rejecting approximately 20 times

that amount of internal heat load. Therefore, the well-insulated modules would appear

) ~ to be rélatively insensitivc to the properties.of_the thermal coatings. The‘actiye
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thermal control system Qould subsequently be sized to reject virtually all of the

predicted internally generated heat load.

. Temp~raturesAshown in figure 1.10 reflecp the effect of the higher absorp-
tivity of Q.S'on the surface# of the confiquration, holding other méteriAI properties
as baseline. Thermal gradients are more pronounced, with a temperature difference on
one sunlit module being 160°F., Gradients within the truss structure are less than
with the 0.2 absorptivity due to generally warmer surface temperatures radia;ing to
the structure. Tunnel air i{s also warmer, though still far below a minimum dewpoint
temperature, with the shadowed tunnel being -11°F and a sunlit tunnel being 35°F. The
tunnel air temperatures are not significantly affécted (by less than 5°F) by - -
variations in insulation performance due to the proportional increase in heat lost ard
heat géined by the volume. This might imply tailoring of the surface coatings and

insulation placement to enhance heat retention in the tunnels.

1.2.4 Conclusions

Results of the thermal analysis on the triangular confliguration have

... camonstratec a number .of.points.. . .

1) There is an inherent insensitivity of the habitation modulés to thermal
coatings when high performance external insulation is uscd. A

2) Internal insulation is of relatively little thermal control value.

3) External MLI should have a conduction ufrectiﬁity of approximately
0.00053 BTU/hr £t2F (effective emissivity of 0.01} as determined by-thé
analysis.

4) TUnnels'will probably require customized thermal treatment f[or passive
internal temporature maintenance. L

5) Radiator placement is important to ease affects on solar arrays. -
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// _ 6) Structura1>thérma1 gradients are relatively insignificant.
/; A - 7). Appropriate'insulation sizing and coating selection alone will not
/// , o significantly reduce active thermal control requirements.

/7“;, o | ] . ) S - - »i o - o
| These results would indicate that exotic module surface coatings which exhibit low
absorptivities.and high emissivities for long durations would not Ye a fundamental
requirement of the proposed configuration., This would possibly enable more durable
types of coatings to be ptillzed at a lower initial build-up and replacement cost.
There would, however, be some requirement for thermally selective coatings for the
,tunnels to increase their heat absorption capabllities and decrease heat re*ectlon.

. when done togother with proper insulation deQign, the problem should not be difficult. o

- This is an area that will require more analysis.

Because of the demonstrated ineffectiveness of an internal insulation,
there is no thermal justification for its use. However, It may be desirable to utilize

a thin layer of insulation material for sound dampening or condensation absorption. b

’ Tﬁé'appréiihSte'céhédéﬁibiﬁy'bf'thé'ekhéfﬁal muitipie'lhyér'tnsdléﬁfoﬁ is
i reduired to be as given In Table 1.4. The number of layers that would be used to

attain this type of performance and the material of which the insulation is comprised

will be the subject of a future study.

Due to the complex profile of solar cells and solar array matrices,
thorough thermal analysis was not attempted. However, temperaturess that were extracted
from the analysis werc judged to be a close approximation of actual performance
levels. Greater modeling detail of this area is required in future iterations. Prelim-

inary results indicate that radiator placement could influence sunlight conversion
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Table 1.b
-+ Recommended MLI

Conductivity Effectiveness

Temperature | Bty/Hr Ft2°F i
°F K §
-400 0.00038 !

- 10 0.00038

35 0.00043

80 "7 | Te.00053 | e
125 0.00090
170 0.00155

215 0.00380
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efficiency because the blockage of the array backside radiation to space, raislng cell

temperatures. No slgnificant problcws are anticipated at th!s 1eve1 of analysis, but

‘further evaluation is necessary. Included in this evaluation shculd be the assessment

a

_ of the thermal impact that would occur ‘with the subqequent addition of subsystem hard-

"ware to the truss structure, creating greater blockage of the view to space.

Greater modeling detail is also required of the truss structure to more

Ceffectively evaluate thermal gradients that may occur through the truss mztrix.

Initial results using equivalent flat plate assumptions indicate that thermal
gradients are not large enough to create significant stress problems. Thormal cycling

that would occur hehind ‘the solar array during the orbit could possibly be 2 concern.'

Active thermal control systems will be sized to handle virtually all of the

- module internal heat loads if more effective means, other than insulation sizing and

coating selection, are not employed to passively reject thermal energy. More sophisti-
cated methods of heat rejection, as analytically demonstrated in references 5 and 6,

can be accomplished utllizing seml-passive thermal energy transport techniques. This

* Wwould- iriclude- the use bf heat pipes mounted to ‘the pressure vessel wall to distrifute

the internal heat load to the structure, maintaining required wall temperatures with

low insulation levels. Another possibility would be the incorporation of thermally

activated louvers into the micrometeriod shield to open the pressure vessel surface to
. space viewing, increasing the heat rejection capability. Such enhancements of the

- ‘structural thermal energy management Scheme would reduce the size of the required

active thermal control system, increasing overall efficiency. Therefore, it is recom-

mended that future {teratlons include a preliminary analysis of such capabilities.
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1.3 Radiator Concepts

Preferable radiator placement in the triangular configuration would be on

‘the trusswork which is not supporting solar cells. This arrangement was chosen instead

o

of an integral'raéiator/micrometeroid shield because of increased radiator efficiéncy
in the shadowed area and conparatively easy replaceability when degradation warréntS.

Assuming the orientation of the configuration is with the long side of the solar array

. roughly north and south, the upper truss area would have less incident £lux because of

the orbit Inclination. Therefore, placement of radiators on this surface would be more

favorable.

5 « R
Do IR P ¢
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At the fecommendation of‘NASA JsC Crew Systéms Division tepresentativég:“iv
heat pipes were chosen as the baseline radiator element because of the technology
advancements in the field which have enhanced their performance and dependablility. It
is also thought that long term performance would be better than conventional fluid
loop radiators because of the segmentation that is inherent in the design. Should a
segment of a heat pipe arfay become damaged or degraded, total heat rejection perform-

ance will be affected by only a small percontage. Fluid loop radiators would, howcver,

lose a large percentage of the1r heat rejectlon carabxllty when éamaged be”ause ‘of the

larger radiator area serviced by a single f£luid loop. Design heat rejection capabili~
ties of heat pipes afe also significantly higher (by approximately 50%) than cuaven-

tional radiators, so smaller surface areas would be required to reject a specified

" load.

1.4 Possible Design Refinements

1.4.1 Structurally Enclosed Modules

A varlatxon of the bhaseline triangular configuratxon arose during the
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analysis. The proposed variation is to move the habitation modules internal to the

truss structure. Some benefits of this configquration change would be the following

I

1} A more thefmally benign environment for the modules. ?f A ,f
2) Placement of the micrometeroid shield on external surface of truss

structure to enhance bumper shielding distance.

3) Easily replaceable optical surfaces for module temperature adjustment.

To assess this possible design delta for another i{teration on the space
station configurat‘on, changes were made to the baseline thermal math models. These
f changes entailed placing the modulec ‘and tunnels internal to the planar surfaces whxch
model the trusswork. Figure 1.11 illustrates the configuraticn change. As shown, the
radiators are placed at the aplces of the triangle to serve the double function of
micrometeroid shielding and heat rejection. These surfaces replace the stand-off
bumper shields modeled in the previously described baseline configuration. This is not

a proposed fteration, but merely an analytical tool to assess the thermal impact of
such a design change.

I R T

1.4.2 Thermal Comparison with Baseline

Using the same assumptions of material properties and locations as the

baseline confiquration, except for the relocation of the micrometeroid shield ar. i

trusswork, TRASYS and SINDA analyses were accomplichad., The results of these analyses
afe shown in the temperature distribution In flgure 1.12. As shown, module surface

temperatures are less severe cxcept on the ends, where the benefits of the radiator

shielding are not present. Tunncl air temperature also does not benefit from the

enclosure because of the large view of space by the tunnel surface out of the ends of
the structure.

41

| 3 VRO

|



\
\
LN
’n
~.. .
A)
.
- \\
pa
~ -
,4.-
~
<.
~
. ——
N
Y .
/
N
/.
,I.n
i~
~.
-
. e
T ———

MRECT™ 20w

U ST

Vot
Yo\

Ly

c-

i DT |
. XoLAvE,
b 4
ARRAY

I
I ;
|

|

|

|

|

|

|

|

i

|

|

|

|

I

Front View?'

oy

TRUSS

.TRUSS

Top View

Side View

. 55

7

i

Bottom View

B

Structurally Enclosed Configuration
an

Figure 1.11



. - s —— & ’!’ i "JM .
A
L
- "
4‘, . e s
‘ ORICINAL PAGE s
OF POOR QUALITY
- ) ) o £n & "“
F a
/s
/ / )
A
o s
l"‘
- . Z‘C z‘. -
. - i L - |
< ot ‘ . . 'A,'_ l
| ' ]
2 * - -*
TUNNEL -S| 114 P s=21}
AR 42 | [
flvaToss., ! l i I
. ‘éo-, -mf{”m? Sun i ..' ]J
AR TR [ d—— H 90 4 o
RABATDT | . |
H - -50°- . . I |
.' ,' -4? | o ° Af:ﬁ.’ . ,
. if l 45 . TAY 50‘ l
O |
/ | |
‘. . - 1. P g0 il -
. i + . ® * .” “ e ® s * : _ L
TIS}{]&‘O = S _-_—-]
: §1d¢ View . 19° g7 .
. r—r—-——; ' .
f ) ( I . .+ .+« Front View
J . - .
i | l , :
: [ . TRuss .
" ‘ —ge N
' ,
ik .
/1|
AIN| .
: TRUSS
' : ' ~-55®
2 . © o : ( > r‘
l o . Bottom View
- f’ ‘ Figure 1.12 Surface Temperatures (°F) of Enclosed Configuration;

. \ v oK. = 0.2
'{/';}. - : ' - 43



e
.

Figures 1.13 and 1.14 compare the shadowed module wall temperature and
heat loss, fespectively; betweén the baseline and enclosed systems as ihternal and
external ingulations are degraded. It is evident that circumferential wall tempera~v'
‘tures remain warmer when enclosed by the radiator shielding and are less sensitive to
a decrease in insulation effectiveness. It is assumed, although not analytically sub-

stantiated, that the modules would also be less sensitive to thermal coating

" degradation.

Heat loss rates are significantly decreased, which implies a greater heat

‘rejection load for the radiators. However, the lower outgoing flux level would provide

a margin for maintaining shirt sleeve temperatures internally should equipment, which

generates a largé portion of the heat load, be powered down.

The thermal benefits of the structurally enclosed triangular system are
present, although they are not profound. Enclosure of the modules and tunnels, as

currently configured, would not be driven primarily by thermal concerns. It should be

. .noteqd that larger. temperature. and.heat..loss-deltas,  between enclosed. and open systems,

would occur if the modules were somewhat clustered.
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'\rgquirementgﬂfop_Space Station operations including attitude control -

_<230 nmi (see figure 2 1)._ At these low altitudes, aerodynamic drag

2.0 'Space Station On-Orbit Dynamic Analysis

" The objective for this section -is to deterwmine the control

and orbit maintenance as a function of the natural on-orbit dynamic
environment. The dynamic environments simulated included gravity

gradient torques, aerodynamic drag, and aerodynamic torques. System
requirements for the baseline configuration were determined for A .

parametric variations of altitude and mass properties.

IS ¢

. 2.2 Introduction . . . - PR et e g D ,t.“,uij\
The Space Station will require t&o forms of control power l
to maintain an indefinite orbit lifetime. Control methods are
required to (1) offset the altitude losses because of atmospheric
drag and, (2) efficiently maintain the desired Space Station solar
inertial attitude., The Space Station by nature of current Shuttle - '

delivery capability will be restricted to low earth orblt altitudes

o o0, - «

ib an important factor in orbit naintenance and attxtude control. 1t
is highly desirable to restrict the lowest operational orbital
altitude to one in which at least 90 days of free altitude decay

remain before a catastropic reentry occurs. This period would allow

for several STS revisit opportunitiea and gubbequent orbit safezng

maneuvers, or repair to orblt malntenanoe equxpmenL.
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For the case of advanced spacecraft such as the prop&sed

12 - . . .-
' 4 \\‘\.; - i N
2 /

- -»-w..-..-—w

Space Station, attitude control-has typically been a major problem.
.The source of .previeus control .difficulty has been centeroed on the
réqulrement to control a highly fléxiblé‘vehicle. Designs that
exhibit cantilevered sclar panels cause particular'problems because
of the low frequéncies of the flex modes. If a classical control
strateqgy is used, the flex modes are filtered out of.thé sensed
véhicle response. This techﬁique, unfortunately, has an adversg
effect on the aﬁtitude control pcrf&fmancé of the ;ehicle. In- |

addition, the closed loop stability of the flex modes is not
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guaranteed for highly flexible appendages. For highly flexible

structures the control system must not only account for attitude

ccntrol, but also must exhibit vibration control featurea.

©L 2 o °

The baseline ‘configuration for this study minimizes the‘
attitude control problem which is inherent in many proposed Space
Station configurations. The flex modes of this configuration are
ielatively high (analysis indicates >5.4 Hz) and therefore can be
filtered out of the sensed vehicle response. This allows rigid body
control below the flex frequency bandwidth with acceptable vehicle
rate and attitude performance. Furthermote, the behavior ;f the
vehicle can be accurately predicted due to the simplicity of the
structural configuration leading to a minimization of control model
errors., Tbe control system also benefits from the baseline concept
since most activity is centralized at the system center of mass.
Here, changes in the interior configdration will minimize the impact

on rotational inertias.

. . - P
. . . e . - cw
L A S AU S AR S . te . . . o [

.

'2.3 Orbital Altitudes Analysis

A general purpose computer program was written to

investigate the parameters affecting orbital altitude. This program

‘addresses the contribution of five major natural phenomenon which

disturb the upper atmosphere causing density fluctuations iﬁ the

100-300 nmi. Energy equations are used to predict orbit altitude.

50



generalized performance plots. Cargo weight capability drops Sff
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2.3.1 Atmosphere Model

The five atmospheric variations most reievant in the

dynanics modeling of the upper atmosphere are listed in order of

2

1mportance as follows ) variations with the 11-year solar cycle, ’
(2) variations with short term solar flux and sunspot actiwvity, (3)
the diurnal variation, (4) vatiatién with geomagnetic activity, and
(5) the semi~-annual variation. Solar flux related variations may
produce a 10-fold density fluctuation. This surpasses a nominal

density model by a factor of 3.

< " < The current model accounts for the ll-year solar
sun-cycle, day/night cycles and the disturbing cffects of geomagnetic
storms. Predictions of solar activity are projected into the year
1993. The next occurrence of a solar maximum occurs in 1990. The

solar model is based on best fit statistical data,

2.3.2 STS Payload Performance

e e eeee, . . The Space.Staqion,operational‘altipudes.a;p,;imited by
the orbiter cargoidelivéry capability. Higher Space Station
operational altitudes require lews orbit maintenanée energy and
reduce the concern about reentry. Figure 2-) gives the cafgovweight

(payload items plus payload support services) as a function of

~eircular orbit altitude for delivery flights from Kennedy Space

Center (KSC). This figure was obtained from JSC 07700 Vol. XIV
Revision G, Only near term capabllity is presented, since long term

capability is not defined sufficiently to provide adequate data for

PRI
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sharply at the 200 nmi altitude without the addition of OMS kits.
0MS kits have not been funded for the orbiter. At the presént
orbiter delivery altitudes, aerodynamic drayg becomes the prime design

driver for operations and orbit maintenance equipment.

2.3.3 Orbit Decay Time

In preliminary studies, a nominal density profile was
used (data obtained from "U,S. Standard Atmosphere 1962") to

determine aerodrag at the respective altitude. Energy which is

, dissipated because of the frictional aerodrag lnss 15 1ntegrated each,

orbit and subtracted from the total energy, yielding an altitude
history, thus, predicting free decay time. Current work indicates
that a nominal density profile is not sufficiently accurate in the
prediction of a long term altitude history, since the solar flux

related variations produce large Jdensity fluctuations.

The free orbit decay time histories for the llghtest and
heav1est Space Station design configurations (des1gnated g1 and §6

respectively) were determined for an initlal insertion altitude of

230 nmi. Design configurations 2 through 5 fall within the band

established for configurations 1 and 6. The summary results of this

‘investigation are shown in figure 2-2, The results also reflect both

nominal and worst case solar sun-cycle atmospheric densities.
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<.+ -+ +The- results shown -in. figure.2-2 reveal that for an-.orbit
insertion of 220 nmi and for a nominal atmospheric density, Space
Station confiquration 1 will reenter in approximately 140 days,
whereas, configuration 6 which is much heavier will rcenter in 300
days. Backing upAQO days from the reentry time, to allow time'for
contingency rescue operations, configuration 1 must not fly below
208 nmi and configuration & must not fly below 187 nmi, for nomina>l
atmospheric density. For a worst case atmosphefic density,

configuration 1 must not fly below approximately 240 nmi and .

o wair o+

configuration 6 must not fly below 215 nmi. These altitudes limit

8TS Cargo capabi11ty for supply to the Space Station as seen ih

[ T P T R e &
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Figure 2-1. Thus, to guarantee a free decay time of 90 days for a
revisit and orbit.safeing.maneuvers, an orbit maintenance methodology
must be incorporated into the design of the Space Station. Emergency
decay time can be increased by feathering the Space Station to a
minimum drag attitude at the sacrifice of power generation. The
solar power generation would be reduced by 50%, whereas the average

drag force would be reduced by 66.6%.

2.3.4 Orbit Maintenance Methodology

Normal altitude can be maintained by several methods
including (1) drag offset thrusting, (2) periodic reboosting
utilizing the Hohmann minimum energy orbit transfer method, and
(3) constant thrust to spiral out and free decay to STS revisit
altitude. Each of the last two methods are designed to extend the

coast period to agree with STS visit frequency.

Drag offset thrustlng can be accomplished with

conventional chemical engine "or with’ electric propulsxon engines:' o

such as Ion engines. The Ion engines use approximately 1/10 the fuel
weight of ehemieal engines, but require a large amount of electrical

enerqgy, approrimately 14 kw per .1 lbs. thrust. The offset thrust

“engines must be located on booms cantilevered from the Space Station,'

and rotated at orbit rate such that the engines fire tangential to
the orbit. The required thrust level is very small, approximately

0.1 1bs., thus simplifying the design of the support booms.
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The amount of fuel per year required to maintain the Space

~ Station at altitude using a chemical engine with ISP of 400 seconds

is shown in figure 2-3. To maintain an altitude of 200 nmi, would
require approximately 12,480 lbs, per year. The Ion engihesrwould'

require only 1248 1lbs. per year.

B
"; 25.0 [ i
» 1
0.0 {‘\
15.0
10.0
5
l
s . 507~ J
: . . . ! :
S : ‘
0.0 1 |
180.0 200.0 220.0 2400 2€C.0 280.0 - 3000

ALTITUDE, MILES

Figure 2-3 Fuel Weight Per Week to Maintain Space Station at
' ~"Altitude with an ISP of 400 Sec and Nominal Aero

Another method of orbit maintenance makes use of periodic
reboost utilizing the Hohmann minimum energy transfer method. This

.method would involve choosing an altitude range based on the expected



H

':Eevisit in 90 days. The required ubpér'altitude for&nominal aero ... - e oo

. denéity from figure 2-2 is approximately 213 nmi. The amount of

Orbiter revisit freguency. Suppose for configuration 6 that a

minimum altitdde’of 200 nmi'is desiréd and that the Orbiter can

chemical engine fuel required for this transfer is 2482 1lbs. 1If this

orbit revisit frequency is maintained throughout the year, then
10,065 1lbs. of fuel would be expended per year. This method is
slightly more efficient than the constant thrust method because the -

Space Station is flying at a higher average altitude with less drag

‘force.,. However, Hohmann reorbit burns cause load transients for the

Space Station that do not occur for the constant drag alleviation
burn. Also, it would not be practical to use the fuel efficient Ion
engines for the Hohmann transfer method because of their low thrust

level.

Constant thrusting Ion engines could be used to spiral the

. . Space Station to a higher orbit where they would be then turned off

and the Space Station allowed to decay down to the STS revisit
altitude. This method would be the most efficient for fuel weight,

but would require large amounts of electric power. A trade study is

necessary to see the overall program impact of this approach.

Lo

2.4 Attitude Control Analysis

A general purpose computer simulation (5SS Dynamics) was
developed to predict the on-orbit dynamicus of the Space Station. The
program initilizes with the Space Station on-orbit and calculates the

time histories of altitude and attitude as a function of the d}namic
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- Station in a solar inertial attitude.

i ’ -y - . . -
VAR Oy A N R I
- . . ] T g e .o - .

environments encountered. The simulation computes altitude losses

and the control torque time histories necessary to maintain the Spacé

Mass and aerodynamic.

- properties for the Space Station are computed withih the

- integration routine.

initilization phase of the program as a function of the Space

»

Station's individual components.

Rigid body eguations of motion were formulated for the Space Station
using Newton's second law of motion and Euler's moment equations.
The equations of motion are solved using a variable step Runge~Kutta
The analysis coordinate systems and Space

Station solar inertial attitude are shown in figure 2-4. Coordinates

~ subscripted with ®I®” indicate inertially fixed coordlnates;

magnetic torques.

coordinates subscripted with "SP" indicate Space Station principle
body fixed coordinates; and coordinates subscripted with "0® indicate

orbit rate rotating coordinates.

2.4.1 Disturbance Torgues

The Space Station will be subjected to environmental
forces and torgues including aerodynamic drag and torques,
gravitational forces and torques, solar tadlatlon torques, and earth
The latter two environments were not 1ncluded in
the analysis since they were several orders of magnitudes smaller

than the aerodynamic and gravitational torgues,.
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atmospheric density depends not only on altitude but alsoc on the

Figure 2-4 Space Station Coordinate Systems and Space Station

Solar Intertial AtLitude Configuration

2.4.1.1 Aerodynamic Torgue

At altitudes in the range of 100-300 nmi or more the

"degree of solar activity. At this altitude range the Space Station

is said to be in the "free molecular flow" regime. Molecular
particles that 1mpact the Space Station will either adhere, thercoy

imparting all its relatlve momentum, or may be reemztted after

vimpact.
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In this study, only the projection of the area normal to

“the orbital velocity, vector was considered. The aerodynamic drag

o

i<}

. force is defined as: ~'° . .. .. el ta D er 60 aier el S e

"FAERD = Q*S*CD¥V/|VI

where S = Projected Area

CD = Coefficient of Drag
Q = Dynamic Pressure
= SpaceFStation CM Velocity
* = hultiplication

[

I ;A Station which is yeometrically symmetric about.its-

center of mass will not experience any aerodynamic torque. To
minimize the drag, the Space Station is flown with ité X-axes in the
orbit plane (see figure 2-4)., In addition, the aerodynamic torques
about the Space Station Y and Z axes will be cyclic in nature, since
the Space Station flies a solar inertial actitude. The aerodynamic
torque is defined as:
i e TAhRO = R ¥ FAERO _ . .
where R = Pogition Vector from CG of Space Statlon to the

Center of Pressure.

The aerodynamlc torque on the Space Statlon is not very

large at altiLudes of 200 nmi or greate:. The,aerodynamlc torgue for

2

conflguration 1 at 200 nmi is ahown in flgurc 2-5. The peak tbfques
in the body coordinate system are less than 2.0 ft-lbs. There is a

small component of X-torque due to CM offset,
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2.4.1.2 Gravity Gradient Tordue

’Gkavity Gradient torques may act on any vehicle whose . o

inertias about its principle axes differ from each other. The

vééﬁeral form of grévity vectdr gradient torque équatibn used in
this analysis is

TGRAV = 3%OMEG**2%UR X I ¢ UR

where OMEG = Orbital Rate of Space Station
f
I = Inertial Dyadic of Space Station ©
UR = Normalized Space Station Position Vector

~ ‘e PN o
= g “ - s % .
< ook v P . »t PR R <t

The Space Station will orbit with its principle Y-axes

perpendxcular te the orbit plane. This will result in a zero torqgue
about the Space Station X and 2 prlnciple axes and a cyclic toruue

about the Y axes, To maintain the principle Y-axes prependicul~r to
the orbit plane and the solar array perpendicular to the sun, a mass }

properties management system will have been enforced to account for

... the & m Beta angular m1sa11gnments. The grav1ty gradzent torque

..... ‘Y
et .

equations expressed with respect to the SP coordinate syatem
{figure 2~-4) reduce to the following when the equations of motion are
referred to the principle axes ’

TGRAV (1) = 0

TGRAV (2) = -3/2*0Mé6**2*(IB-Il{*SIN(E*TH,‘
TGRAV_ {3) =0
where TH = Angle between Space Station Z axes and Local Vertlcal
Il = Princlple Inertia About X axes
13 =

Principle Inertia About Z axes ‘

S
3
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requirements of a control moment-gyro (CMG) system.

with the proper management of the mass properties, the

~quantity (I3-11) can be minimized, thus relieving the peak torque

o

The peak torque and momentum storage requirement caused
by the gravity gradient environment on the studied Space Station
design configurations are 40.5 ft-lbs. and 39,500 ft-lbs-sec.,
respectively. Mass property management has not been performed for
these configurations to reduce the disturbance torgues.

¢ tv" o - ~ N - - . R e
E e - eV I P < . e

2.4.2 Attitude Control Assessment

The highly flexible structure that typified previous
Space Station proposals presented severe problems to flight control
system designers. Space Station confiqurations that have large
extended solar arrays present a twofold challenge to the control
system, First, the arrays, when deployed in this fashion, have low
frequency cantilevered beam modes (not to mention flex1bility 1n the
solar cell membranes themselves).. Second, the eytended arrays
increase the system rotational inertia on which any control authority
must act. The first problern, flexibility, is a structural stabiliey
issue. The control system must be designed such that structure modal
resonance is avoided. This can be done at a very large cost to
overall systen performanee (i.e., simple maneuvers may take days to
accomplish), and/or the cost of a distributed control system. The
second problex, inertia, further defeats performance by reducing the
system angular acceleration achievable through the applied controlg

torque.
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The above problems resuit directly from the solar arrays.

. ‘Another aspect of the control problem deals with Space Station

. oast .
.. o .

‘The control system must adapt to these discrete changes to ensure

geometry- and mass property changes during nominal operatiqn(modes,,
maneuver performance. Again, previous Space Stations have exhibited
operational modes that produce major changes in overall system
confiquration. These changes resuvlt in significant mass and geomectry

changes as seen by the controller.

<, The problems of control for the Space Sgation have.
expensive solutions in.cost and performance. As a preliminary
quideline for the development of the Space Statlon proposed herein,
the minimization of these control proble%s was a goal of high
priority. To accomplish this objective, the flex freguency spectrum
must be raised significantly to achieve desired separation between

the flex and controller passband. Further, a configuration was

sought that was relatively insensltlve to operatlonal activxtzeb.

.'.,.'...e.-o.

The - confxguratior that resulted from these (and other} design‘
guidelines is the trxangular design embodied in this report. For the
proposed Statlon the flex spectrum b;gins at approxxmately Se 4 Hz,
The controller passband can now be placed below this frequency and

stillvprovide impressive maneuvering performance (sec fiqure

© 2.4.2-1). Also, the enclosed configuration focuses all operational

activity in the central area which is always near the center of mass
of the system, Large masses (i.e., an Orbiter} can be placed here

with minimal impact on system rotational inertias. Clearly, this -

configuration achieves the goal of minimizing the control problems ot
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“the Spsce Station. Most.important, these advantages have also
produced many operational benefits so the solution to the control

problem has not been achieved at the sasrifice of the primary mission

©

~

objective, space operations.

Two classical methods are used to design control systems;
cach with their respective emphasis. The time domain, state-space
mcthods used in optimal (or modern) control theory emphasizes the
performance of the vehicle. The frequency domain analysis is used
when stabxlzty issues are a concern of high priotity. For the
D operational Space Station; perfornance requirements are low ‘ ‘ !
compared to other space vehicles while system stability is an
important control objective. Hence, the frequency domain design and
analysis techniques were used. The control system desiyn is applied
to maneuver about one principle axis to characterize performance
parameters. The flowchart of the rate and position feedback system
is 1ncluded for rev:ew (see figure 2.4. 2-2) Cl&SqlCdl technlque
‘weté ‘used to szze system loop gains and control the overall R .“"; "‘
maneuvering characteristics, A 450 attitude change maneuver was ' ' Q
selected for response ana1y51s. '

A model of thé vehicle disturbance envitonment was
determined to quantify the cyclic and secular (non-cyclic) torgués.
Also, for the proposed Station, solar inertial pointing is a
necessary maneuvering requirement (approximately 0.06%/sec). After
examining the character of the environment, the control system

" effector selection was made. Because of the predominant cyclic

It

© ot rer

o
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nature of the disturbance torques a momentum management scheme was
» devised using CMG's (control moment gyro's) and RCS (reaction control

»system). The?CMG's-are idea;_for the cyclic torque management,_bnt‘

the noncycllc disturbances will accumulate momentum in the CMG'

until the torage limit (saturation) is achieved. To desaturate the

CMG's a cancelling momentum vector must be applied by the RCS system.
The described system, is the means by which the vehicle holds a solar
inertial attitude. The CMG's will reyuire in excess of

40,000 ft-lb-sec while the peak torque requirements (as discussed

) vlater) should be in the 1000 ft lb clats. A vendor search vas

conducted to ve tify the feabibility of these CMG requirements and a
candidate cluster of CMG's was located. The reader may note that the
Skylab CMG's were capable of 160 f£t-1lb of peak torque with 2300

ft-lb-sec of momentum storage.

To study the maneuvering capabilities of the Station, a

commanded 459 angular d1splacement was imposed. To accomplibh thlS

‘maneuver, RCS firingb were examined as a candidate effector system.

This technique produced adequate performance, but the step impulse of
the RCS jet firings causes'higher frequency excitation (see figure
2.4.2-3). ' As we have seen on the Orbiter, RCS firings during

operational periods can result in resonance in the flex spectrum. In

other words, the forcing function has a higher frequency content.as -

well as timed low frequency pulses based on the phase plane switching
lines (rate limits and attitude deadbands). A maneuvering scenario

that utilized only CMG's circumvented the excitation problems oflthe
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RCS (see Figures 2.4.2-4 and 2.4.2-5), but could not achieve adeguate

rpetfotmance at acceptable peak torque and segular momentum levels.
Certainly, a large enough CHG system to accomplish attitude hold and
manedvering is possible, hut only when accompanied by a severe weight

penalty.

A method of maneuvering the vzhicle using a combired RCS

and CMG autherity was researched. This system uses the RCS for

coarse attitude changes and then transfers authority to the CMG's for
« . fine tuning and holding a specified at;itude,‘ This technique uses

the RCS torgue capability which is easily available aﬁd tﬁe benién

nature of the CMG's for £fine attitudc management. This technique
synergistically applies the benefits of both systems. The resonant
pulsing character of the RCS in the vicinity of the desired attitude
is traded for the smooth torqueing character of the CMG's. Also, -the
peak torque required of the CMG's for maneuvering has been signifi—

.cantly reduced. The attitude time history is shown in Figure

.

2.4.2-6,

Controller torque'levéls>app11ed ﬁo the vehicle were
varied from 1000 ft-1b to 100,000 ft-1b. The value that produced
adequate performanée time histories as well as afforded sufficient
closed:loép frequency separation between controller and flex '
passbands was l0,0QO ft-1b of peak torque. The RCS, when located at
the vertices of the triangle, are sized to 100.1b. thrust to yield

the desired torque level.
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wtth the conttol system intact,.the closed loop frequency

- C

recponso of the systcm must be analyzed to verify the neceSQary

separation between the controller bandpass and the flex spectrum of

"the vehicle. The controller bandwidth limit was defined at -3dB in

the frequency donain. In figure 2.4.2~7 the closed loop response is

compared to the flex frequencies of the vehicle. The controller

blimit is two decades below the first flex modal frequency. The

response curve is located in the frequency domaln as an Iinverse
function of system inertia (increase in inertia lowers the freguency

response) and a’ direct function of control torque (1ncrea ed torque'

- leads to higher frequency response). The amount of separation

between control and flex is dictated by the slope of the response
curve, If the absolute value of the slope is low (curve appears
close to horizontal) more separation is required. The response curve
in figqure 2.4.2-7 has a steep frequency response and therefore can be

moved closer to the flex spectrum without. significant modal resonance

"pfoblems;"The'sepafation in- this system (two decades} allows “for

flexibilities encountered during operations (i.e., moving large

masses by a remote manipulator system). If maneuvering requirements

- are increa ed, the control torque can be increased to 100,000 ﬁt lb

(1000 1b. RCS thruster at the ape?es} and the Space Station wxll
exhibit performance qualities similar to flying space vehicles. With
aépropriete nodifications, the Space Station can bthransformed into
an interplanetafy type vehicle. The advantages of this robust

structure allow for an impressive growth scenario in both size and

. performance.
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The attitude control system survey included magnetic torque

bars and electric Ion engines. The torque bars, used for CHMG

3

capability.

- e - L

“desaturation, were considered too cumbersone and low in torqueing

(i.e., high 1sp, throttling), but requires large power supply

(approximately 14 kw/engine/.l1 1lb thrust) and yields low thrust

levels.

look at these and similar devices is warranted.

ZQSV éonciusion

as a function of the natural dynamic environment surrounding the

The electric Ion engine has many desirable properties

If maneuver requirements are dramatically reduced a .fucther

This investigation of the Space Station on-~orbit dynamics

earth has quantified several poctential problem areas and identified

potential solutions. The foremost problem is a function of the

terminal altitude that the STS can achieve with a sizeable payload,

(less than 220 nmi). At these low altitudes, aerodynamic drag

*..reduces the ‘free ‘decay ‘orpit lifetime 'so drastically that thé design

of a fall safe-orbit maintenance system becomes a high priority iten.

Inherent in an orbit maintenance system at low altitudes are

increased propulsion consumables.

This problen wili be significantly

reduced if the STS can deliver cargo to an altitude of approximately

300 nmi.

reenter in 1350 days.and configuratfon 6 in 2870 days (see figure

At this altitude using nominal drag, configuration 1 would

2-6), as compared to 140 and 300 days, respectively for the 220 nmi

orbit.
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Recent predictions of STS payload capahility by the
Syotemg Engineering Division show that the use of a direct inqertlon
mode will allow for delivery of 60,000 lb. p«yloads to a 300 NM

altitude (see Figure 2=7).
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At this altitude, an Ion drag alleviation system would

SN T - “only need to supply

LR

3

# thrust of .01 lbs.

e

This size engine requires

only 1.4 kw of electric power, and 125 lbs of fuel per year.
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~_ Based on a detailed study of the on-orbit dynamics‘of the>
. Space Station, a solar inertial aFtitude hold mode for the Space
B Station;;s ;ealiza?le, ;f a massxproperg{es management system is
,;enfqrceé. ?he environmental forces and éorques are predominatedhbyﬁn
; the gravity gradien£ térque. This torque becomes cyclic about the
‘ Y-axes, If the X and Z principles axes of‘the Space Station fly in
™ the orbat plane. The aerodynamic torques are much smaller than the
*ﬁmwv gravity gradient torque and are cyclic. Thus, a CMG system can
“f . efficiently maintain the desired Space Statlon attitude. A method of
T?N\X;,~ . .. maneuvering the Space Station(using‘a hygrid RCS/CMG control system
\u‘ﬁ. " offers many advaﬁtages and is tegommended.l - -
\
A
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3.1 DEPLOYABLE TRUSS S

~-3.1.1 - Introduction

e . The structural concept for the Triangular Space

. oe

Station 1ncotporates three large multi-~purpose trusses to form the

sides of the equilaterial triangle. Not only will these trusses

form the basic foundation for the Sﬁace Station construction, but

they will also provide large planar areas that can serve as work

and storage platforms and support for the solar arrays and varlous

manned modules,

» I : X o - e

B ¥ - . s N N <0
FEEEN SLe E B T N T

required to

trusses for

3.1.2

the Space Station.are |

- R <

This section provides the rationale and analysis
support the feasibility of constructing these large

the Space Station environment.

Truss Requirements

The basic requirements identified for the trusses of

. . .
P € e e “ o . .

a. Form a planar surface approximately 753 x 125 fo

the attachment and aisplay of the station solar array.

b. Serve as a support structure for mobnting

radiators, plumbing, electrical wiring, payloads, and manned

modules.

¢. "Serve as a work platform for construction of

orbital transfer vehicles and repair of large satellites.
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_J."_ o o d. Be automatically deployable from the shuttle cazgo

bay to minimize EVA for construction.

B o
g sa [ N
« <

L. TS 7 e, Have a service life of 10 years or more. -

1
T ey s o s 1 e

L?" Specific structural requirements for the truss that were

7 identified as being important from other studies of large space

structures include:
z— a. Have a relatively high natural frequency. .
/ | b. Have adequate strength and stiffness properties
?g);<~;5:u " for ﬁe;pcrcturcs between -250°F and +3500F. . S S e
‘\;t;\ : c. Have a low coefficient of thermal expansion.
N~ d. Have a low weight for launch to orbit transport.

e. Have a packaging characteristic that will observe

LAY the shuttle payioad bay requirements,

A - 3.1.3 Truss Concept Study

LN
tn e am = m e e - o mes

’)P-tf “f_.;.vl'L-'-.« +« ‘Review-of- the ‘existing. lliterature, indicated that there . |

S are many studies concentrating on space structures that can be

- e

used for constructing large space antennas and platforms,
Reference l-contains several papers‘presented at the NASA Langley
 Tnird Annual Technical Review in November 1981, concerning large
o) space systems technology. Several of these papers were used to.
| establish thc conceptbfor the Space Station study. Table 3.1.1
shows a summary of deployable beam and platform systems
development from reference 2 that have emerged as being more

N - mature concepts with respect to actual working models. Also shown

-~
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-and 4.

in this table is the Tetratruss Concept proposed from references 3

o . : e o -~ v "

Table 3.1.2 shows a summary of the deployable designs

from references 2 and 3 which were considered to meet the Space

Station basic requirements. All designs will fold to £it in the
payload bay and be deployable in space. However, some will
require EVA and some will require additional £lights to deliver
the entire Space Station frame structure.

The fifét ﬁwé designs?from this éablérg;i.z are
limited by their lehgth. The longitudinal members do not fold and
their total length will be limited to the length of the payload
bay. Since this length is less than the required 72 foot minimum
dimension of the planar area, the truss would have to be cut in

half and packaged into two sections 36 feet long. The six truss

halves required for the total Space Station structure will then

it into the béfiéaé bay and can be delivered in one wission.
However, an extra EVA will be required to rejoin the severed

halves.

. The third design is limited to a single beam

-configuration by its folding characteristics. A total planar

surface cannot be constructed on the ground and deployed in space.

_The total planar surface will have to be constructed of individual

beams. Using, for example, 10.41 foot long .by 2.0 inch diameter

ool
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tubular members, it is possible to package the required 21 beams

for a complete Space Station structure in the payload bay and o

‘deliver them to orbit in one launch. However, several EVA's will

" be required to cannect the beams together to formvthe required

e n P
. o e e

‘surface.

i inch diameter tubular nember example,bonly eight beams can be

The fourth and f£ifth des igns are lzmited tc a
longitudinal fold which will allow for packaging, but not allow a
sufficient number of beams to be launched at one time to erect the

complete Space Station framework, Using the 10.41 foot by 2.0

packaged in the payload bay at one time. The Space Station
framework will require a total of 21 beams, so a minimum of three
flights will be required. Additional EVA's will be required to

connect the beams together to form the necessary planar area.

The sixth design is the only configuration that will

*dllow packaging and: deployment "‘without an EVA to construcdt the

' structure of the group so that there will be alternate load paths

necessary planar area. Using the same member dimensions, the
three planar trusses required for the total Space Station
ftamework can be packaged in the payload bey and delivered in one
flight., 1In addition to meeting tﬁe tinimum EVA for construction

requzrement, the Tetratruss concept is also the only todundant

-

in case a member is accidentally damaged. This is a great‘

advantage from a structures and 1life point of view,

84




" maximum planar area that could be pachaged in the payload bay ‘”J“}ff'“”‘“

- main difference between the designs of table 3.l1.2 would be the

‘.Spgtianf.‘As an’ additional, advantage, .the Tetratruss has 4 :highly

FPigure 3.1.1 shows the packaging and deployment o ,'g.
capabilities of the Tetratruss concept from reference 3. The

particular sxze of planar trusg shown in this fzgure was the »

diameter and be deployed in orblt without an EVA. It can be seen

that a very large planar area can be packaged using this concept.

It does not appear that there would be any
restrictions on any of the designs of table 3.1.2 with respect to
the materials used for the truss members. Therefore, all truss

concepts could meet the specific structural requirements. The * ' e

number of launches and EVAs required to construct the framework.

Designs four and five sould be eliminated because they will

© e s ot e i & g ettt s 0 ¥ e e

require several launches to get the total Space Station frameuork
to orbit. All the other designs except the Tetratruss will

require extra EVAs to construct the sides of the triangular Space |

redundant structutalvarrangement and as shown by reference 2, has
effective .stiffness properties that are of isotropic nature‘fog S
analysis purposes. Therefore, in this study the Tetratruss

coﬁcept was selectéd for the Space Station framework;

/ﬁ'l;ﬂ' Truss Loadiﬁg“

Preliminary structural design loads that have been

identified for the Space Station framework members include

"85
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eqdipmedt'and payload docking, thermal, dynamic, gravity gradient,

Uand orbital transfer. Frame loadlng conditions for misgxon events

4

such as ignxtion, liftoff, and afcent were not consxdered to be o

iappllcable fot 1nd1v1dua1 member design since the’ frane will be in'

a packaged state and. assumed to be adequately supported in the
shuttle payload bay. This detail will be refined in a later

report.

It was assumed for this study that equipment and
payload docking loads would present the critical member design
condition. Since the Tetratruss configuration is a statically-
indeterminant structure, a computer model was.generated to
determine the individual member loads. Figure 3.1.2 sths a
finite element model of one module of the Tetratruss configuration
having an estimatedAIOOO pound limit vertical load and 500 pound

limit lateral load applied to a typical frame node»point.

Solution of this problem shows that the maximum member limit load

‘{5 °%- 491 poundss. .« .i-., .

Thermal loads in the frame members can ‘be minimized by

a careful velection of ncnbcr materlals hav1ng a low coe££1c1ent

(3

of thcrmul cxpangion, Prel*nznary therma gnalysls of.the.Space
Station fron Section 1.0 1ndicates that the critical frame in the .
system is the one that supports the solar array. This analysis
shows that the frame will have a temperature cycle from 150° to

200F as the station rotates about the earth. It does not appear
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that this temperature variation'will cause any significant thermal

loads in the members of the 125 foot long frame regardless of the

matezial selected. However, as the S;ace Statlon confxguration

o

and matefial selectzon ‘matures,’ the effects of thernal expanslon I

and contraction should be reevaluated.

Frame member load resulting from gravity gradient
effects have been formulated in reference 5 for the Tetratruss
configuration. The results of reference 5 show that for trusses

less than one mile wide, the member forces ,due to gravity

gradient, are relatively small when compared to the other member

design loads. Therefore, truss member loading due to gravity

gradient effects are omitted from this study.

Dynamic loading of the individual frame members have
not been assessed at this time because of a detailed definition of

the Space Station. This particular analysis will require use of a

“dynamic -computer. code. and definztlon of. a forc1ng functxon.--

Becausc of the large dynamic model and computer time that would be
required to obteln a solution, it was decided that. this phase of
the Space Station study would be deferred. An assessment of the

membervdynamic loads and frame freqeencies‘will'be presented

tlater. For the preliminary analysis, the proposed 1000 pound

vertical and 500 pound lateral loads will be assumed to be

sufficient to include dynamic effects.
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Orbital transfer, control, and reboost loads in the

individual frame members have also been investigated in
referonce 5 for the Tetratruss configuration. The model used for
- the reference 5 study consldered thrusting the frame structure
at its edgc4to produce only 1np1ane Erame loading. The propuls;on L

cons idered was Ion engxneb producing .001 pounds of thrust per |
énoine. he conclusions reached in reference 5 is that the member
loads produced by this nodel are insignificant. Hewever, as the .
Space Station design and propulsion requirements become better

defined, this loading should be reconsidered.

. Therefore, the max imum member loading condition
established fcr the truss occurs for docking and equipment otowage'
and shows a magnitude of 4 491 pounds. For purposes of this study
and inclusion of uncertainties, 2 limit design load of %500 pounds
will oe used for member sizing and analysis, It has also been
assumed that the trusses can Se manufactured economically i{f all
the members are identical. This assumption will incur a weight
penality for the members showing a lower load in Flgure 3. 1 2 but
.will odd conservatlon to the oyatem for the other loads that were'.
considered negligible.

- 3.1.5 Truss Materials Study

The basic requirements for structural materials uscd
. in large space structures are usually high stiffness, low density,

adequate strength at operating temperature and locads, low

‘.90
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coefficient of thermal expansion, and a service life of 10 years

or mnore.

( _High stiffness of the frame is not only requited to
enhanee thevdynamic characteristic of the system so that it will
not tespond to low frequency vioration, but also to provide
bending and axial rigidity to the station. Low density materials
are primarily required to provide a light packaged structure for

transportation to orbit as well as a high natural frequency.

The material must also have adequate strength at its
opetating tenpeteture‘to react the design loads. ﬁowever, the h
analysis shown in section 1.0 shows that the Space Station truss
has an apparent maximum operating temperature of only 150°F. It
does not appear that this temperature will cause any significant
degradation of material strength properties. As a result, this
material requirement will be insignificant for the material
comparison.

Because of the large size of the truss framework, it

appears desirable to keep the material coefficient of thermal-

expansion as low as possible to minimize the thermal distortion of

the Space Station. The truss frame facing the sun will expand
becausc of its warmer temperature while the two frames shielded by
the solar array will bLe cooler and contract. 'The station will

then warp and no longer form a symmetrical cross section. This
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may not be a real problem for the Space Station; however, a low
coefficient of thermal expansion will still be considered to be an
important parameter for the material selection until this effect

can be adeguately evaluated.

SR . . N

~ Table 3.1.3 shows a comparison of various selected
materials that could be used in the manufacture of the truss:
members. The best candidate materials that will fulfill the

stated requirements are those that =2xhibit the highest stiffness

" to density ratio and have the lowest coefficient of therma)

expansion. The graphite/epory composites and the

\graphite/aluminumﬂtubing of Table 3.1.3 appear to be the best

choices. A final selection between these two candidates will be
based on their relative cost and ability to meet the service life

requirenent.

The graphite/epoxy cumposites have been in development

for a long time and have proven themselves in various areas of

aerospace products as both prxnary and becondary structures. The.

Space Shuttle OMS Poda and payload bay doors are made of graphite/
epoxy composites and have been certified for a l0-year service
life. 1In addition, the manufac&uring and repair procedures have
been established and proven. Several papers have been preseﬁted

in reference 1 concerning radiation and other space environment
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effects on the graphite/epoxy composites and none appear to

- indicate any degradation of properties that would affect the Space

Station life requirement.

| The graphite/alumin@m metal-matrix éﬁméosité ks aiSo o
attractive fdr space applications from'the standpoint that these
composites should inherently have a l0-year or better 1ife.
However, this composite is still in the technology devulopmentk
stage, and it is expected that the cost of this material would be
greater than graphite/epoxy. A complete investigation covering

the life and cost of both graphite/epoxy and graphite/aluminunm
should be conducted prior to the final dééign.; in:addition;ﬂathéf

materials such as graphite/polimide should be evaluated.

Rased on this limited materials study, it is

recommended that the graphlte/epoxy material be used for the

baseline design.

. ggl.éu.Spéce.Station'Frame.Geometry°'-" Ce e e
From pteli@inarynlayouts of the triangular: Space
Station configuration, it was determined that the overall
dimensions of the truss frame should’be appfoximately 72% x 125°'.

To construct a planar surface using the Tetratruss concept, it is

- required that all truss members have identical lengths.

Therefore, one of the overall frame dimensions must be held

constant while the member length is varied to meet the other
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overall dimension. Holding the 125* frame length constant and
allowing the member length to beras long as possible to reduce the
number of members required, the study resulted in a frame that has

a 72.19-foot width instead of 72 feet, and a member lehgth of

<. 10.41 feet. Figure 3.1.2 shows a&computef geneéated plan

view of the proposed Tetratruss frame. Strength integrity of the

10.41-foot long member must now be established.

3.1.7 Truss Member Sizing and wWeight Analysis

The limit design load for the truss member was
established as # 500 pounds 1ln Section 3.1.4. Using an ultimate
factor of safety of 1.4 for structural intedgrity requirements,
the design load becomes +700 poundé, 'The mémhef will be sized for
the following failure modes: |

a. Column buckling

b. Strut compression

c. Strut tension

d. Strut bending due to handling loads

..Reference 3 presented a Tetratruss member sizing |

" exercise very similar to the study that will be presented herein.

Therefore, this analysis will take advantage of the work that has

already been done. From reference 2, the truss member design was
a 2.0-inch diameter tube with a .025-inch wall thickness. This

study will also use the 2.0-inch diamete; tube but will establish
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%‘ the necessary number of graphite/epoxy plys for a wall thickness

ﬁhat will be required'to produce positive marginé of safety for
the loading and failure modes presented above.

Maanacturing of the tubing from cgmpo;ités will
require that the material be laid up in a balanced fiber
orientation. This will prevent the tubing from becoming warped
during the cure cycle. Using & unidirectional ply tape, a tube
having seven plies consisting of two plies at 0°, four pliesAac

4459, and one at 90° will constitute a balanced lay-up. The

This composition will consist of 58%, +45° plies, 29%,

0° plies, and 13%, 90° plics. From figure 3.1.3 this lay-up will

have a coefficient of thermal expansion of .5 x 10~6 in/in/OF.

~ Also, the scven plies of tape will constitute a conposite

thickness of .035—1néhés.(
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ORIGINAL PACE IS -
OF POOR QUALITY
. For column buckling : ‘ A
Assume a pin ended column, L= /0.8t = 125" P .7071"
Lp = 1257071 = 177
e g TE (@) (z8x10%)
N T,

For strut compression A= WLE = (m;[2,(.035)= .25m

SPE = Tz

i

g, = 31&e pst . ) ‘ o

. . <
> T . : ,
oo Cae L 6L

Material allowable from table 3.1.3 is 200 KSI. Thus,
the margin of safety is high for compression. Margin of safety

for column buckling is

8821 ] .
)L'Y. < 21 83 - / = } ........*{:w'ul--..,

. For strut tension

gy =0, = 3184 ps!

From table 3.1.3, the minimum tensile allowable is

KSI. The margin of safety for tension is high.

For strut bending due to handling loads
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The strut nust be checked for failure due to bending

under 1ts own weight during the truss construction in a lg

: "7 environment. Assume a pin ended beam.: -
W (22)( 056 ){ u.s) 154 ’
. k j ;{
Wi 1.4 -~ ’ 3
V wﬁmx ¢ }Egr"“") : T: It . (r)(2) (.035)
: | B 8
. o S o . - i
""r:ax C 24,006 :N'~’$ Lo HJ.V
§ Bending stress
N L g ME _ {24.00)(1) .
B : S o T EARE R A "oell e T o5
: b, 215 Fo
E Wall crippling allowable for bending
i . RYE ¢
\ ALtew 2(;-\1") b
4 where
i | 1 ,?s:[ -€ j —
! e 334’03
C=27/828 €1~ (731)[; ] <792
~ . @) 792)(28 x10°) (.035)
A
Lo \}»(3}( 91) (Z)
h o : : .GELMmf 470900 P" ,
|
- , ’
4 The margin of safety i5 high for this failure mode.
1 :
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. Analysis bf the seven-ply configuration'éhowé that'thé
minimum margin of safety for ultimate loading is +1.77 and that
:the ciiticai”failure mode is column buckling. A émaller‘mafgin of
:shfety'could’be calculated foria thinner wall tube, ‘but in order -
to keep a balahced lay—hp, the coéfficient of thermal expansion

from figure 3.1.3 would either inctease or become negative.

Using the member dimensions noted above and the
density of .0568/in3 rfor graphite/epoxy composite, a single tube
that is 10.41 feet long will weigh 1.54 pounds. The computer

¢ generated® figure 3.1.2 indicates that there are 848 members in the
Tetratruss frame. |

.~ Weight of one frame = (848) (1.54) = 1306¢

Assume a 20% weight increase for member end fittings

and foldable joints.

Frame weight = (1.2) (1306) = 15673

Total weight of Tetratruss frames for the Space Station

-..gonfigqurations:. ..

Total weight = (1567) (3) = 4701%

. ' Natural frequencies of the truss structure were
determined from the MASTRAN computer code for three particular
cases of a simply supported truss loaded py its own mgmber wg;ght,
loaded by its member weight plus the distributed masé of the éolar
cells, and loaded by its own member weight plus the mass of an OTV

attached to one corner of the truss. Figures 3.l.4 (a) through
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 3.1;4 {c) show the first, second, and third’mode shapes of the B
frame with the distributed mass of the solar cells and the

"~ calculated natural frequencies for these mode shapes. A summary

e of the lowest natural frequencies for the three-load ca=es is .

shown in table 3 1.4.

TABLE 3.1.4 Summary of Frame Natural Frequencies

FRAVE CONDITION NATURAL FREQUENCY

UNLOADED FRAVE 9.78 M,

FRAVE WITH SOLAR 5,40 H,
ARRAY

FRAVE WITH OTV 7.95 H,
HOURTED AT CORNER

3.1.8 Payload Packaqing Analysis

—

Reference 3 and 4 show scheneb on folding the large
Tetratruss frame for packaging. However, reference 3 gives
’specific empbasis for packaging the large planar area in the
shuttle payload bay. This scheme is shown in a parrially deployed
position in table 3.1.2 and indicates that the upper and lower

"members are hinged at their mid-length and made to lie against
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each other when the truss is fully collapsed;‘>1n this manner,

the whole truss is & tightly compacted bundle of tubes for

packaglné.

The‘dimensibﬁs of the pabkaged truss are then a_“
function of the thbe diameters. Figure 3.1.5 shows a plan view'of '
the upper surface of the truss., 1In the fplded configuration,
there will be two tube diameters on every line connecﬁing a node
point and one tube diameter for every node point. For the
deployed 125-foot direction, there are a maximum of 12 lines

connecting node points and 13 node points.

e

Packaged 125 ft. length = (2)(2)(12) + (2)(13) = 74" = 6,2'. For
the 72.1%-foot direction, there are eight lines conneccting node points
along a 609 diagonal énd nine node points.

Packaged 72.19' length = [(2)(2)(8) + (2)(2)] Sin 60° = 43.3% = 3.6"

The lower surface packaged dimensions will be slightly smaller since

+there . are fever.members,' "From .Figure: 3.1:6 .the packaged sizes are’ -

Packaéed 125' length = (2)(2)(12) + (2)(13) = 74' = 6.2°
Packaged 72.19' lgngth = [(2{(2)(7) + (2)(8)] Sin 60° = 38.1" = 3.2'

From the partially deployed view of the Tetratruss in
tabieb3.1.2, it can be seen that the packaging concept requires that
the upper surface members fold downward and the lower surface members

fold upward. Since these members are folded in half, half the member
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E}i \ V'iéhgth from both hppéf and.ibwer surfaces wiil fold against a fdll
gf length diagonal member. The diagonal members of the truss do not
¥,i fold. Theré ghopid>not be any ibterferenée between thé upper and
A "lowet fblded members since tbéy are foté&éd 30° from éach otﬁer. )
; Therefore, the total packaged length of the truss is the length of
E} the diagonal member. The maximum packaged dimensions for a single
? truss are shown in the following sketch
i 4
o e~ o=

§ ~

23 The three required Space Station trusses will f£it in
.g . the shuttle cargo bay with room for other equipment as shown by
;o the proposed scheme of figure 3.1.7.
K 3.1.9 Deployable Joint and Fitting Study

: l'f‘ " Referencés 3,4, and 7 present concepts for the '

i

; deployable joint and fitting designs that will allow compact

§ . .

( packaging of the Tetratruss frame. The basic requirements for the
. deployable joint are that it allows compact folding, automatic and

reliable deployment in a2 space environment, and prdvide a rigid

member when fully deployed.

v
'

Figure 3.1.8 shows the foldable joint concepts

presented by references 3 and 4. The joints discussed in
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Reference 3 depicta a épr!ng leaded‘“cabihet door" bali anévsocket '
- locking mechanism.. This concept envisions the socket side of the

hinge as a cap ule, containing an adhesive that would be ruptuted

on contact allowing the material to cure and fitmly hold the ball
in a locked position. This idea would indeed produce a rigid

joint but probably produce an undesirable cloud of adhesive spray

~particles in the space environment. It appears possible to

improve on this design and provide a locking mechanism that is not

dependant upon an adhesive for rigidity. The joint of reference 4

shows a spring 1oa1ed scissors mechanism that will deploy the

Joint and hold the member in an extended position. It eppears

that it would require a substantial tensile load in the member to
open the spring loaded scissors joint once it has been deployed;
however, the joint is not totally rigid. This particular design
is a refinement of a design used on the SEASAT synthetic aperature
radar extendable support structure. The main refinement is a

reduction of the packaged hinge into a cross sectional area no

.'larger than the members to which it s’ attached.

- Fiqgure 3.1.9 and 3.1.10 show central node fittings as

proposed by reference 3 and 4, respectively. An additional

' requirement for this fitting is to have the sbllity to secure

payloads and equipment. The f£ittings of figure 3.1.9 seem to be
the best suited for this requirement as the center of the fitting

provides an unobstructed and adegyuate area for the addition of

male or female docking hardware. Also, reference 3 indicates that

112

,. R
| '
* ——

BT L I o P S —



B R —

ORIGIIAL ¥

~OF POOR QJALITY

SOCR FOTING

s i“ -

S

NITOMECIRTE ",1%
MEMLER (B PUACLY

30252 "

-
A .
i
'
e .
!

&

?Q‘E"P(C T MEMEER
& PUALCSYy

HTLMEDATE ~2uae
MEIBER L3 PLALES)

-~ 5 D4a~

/—— SRFALE “A" mEmas )
(o ALRCESY)

2B3-2
PLer v Gw

Pin JOIRT LEDLY STVl
R N S

FIGURE 3.1.9 CENTRAL NODE FITTING (REF 3)

113

ORI AT S TR .

% MY I ‘ . - - . ] L.
s T : e e

AP SR .,...» .. N ST L e i v e et e e e e e e 2 e e e en e e 1 mt e i



: , - ’ .
3 . ‘ , .
. ’ '.' ’
" v b L)
~ - [ Y - K . Lo + -
P . il . :
L
i
. . I
' +
) T A vl R LS SR
1 N . L XTI
) ° o - v k] *
[
H <
‘ -
i
. - Q |
i
?
,
+
: £ ‘: v N
; .
H
.
:
4
H
"A :
M H
. .
;
4
<L :
PP : :
. - N * . « o ot .y .
L A R g g—— e ey ! PRI .. N . X )
IR | ety " ‘ ‘e el USRI P .
: FIGURE 3.1.10 CEMTRAL HODE FITTIUG (REF 4)
14 € . “ . o~ Q . . ) o . v Yoo
. - ' \' P N ) . . ) -
,
s : ‘ 114 ‘ :




'theseleluseered fittings have been maﬁufactured‘fof ﬁesting froﬁ
injection molded graphite reinforced thetmoplastic materials
1ndicating a low cost approach to the design. The fitting of
figure 3. l 10 indlcates a very busy and costly concept requiring
complicated machining not only for the node fitting itself but
also for the member end fittings. It would appear that a node
£itting concept chosen from figure 3.1.9 would be more desirable

for the Space Statlon.

Fi;ure 3.1.11 qhows an umbrella-type truss deployment
o scheme from reference 7.’ This approach would provide the sprlng
energy at the truss node fittinys so that the deployment springs
at. the member hinge joints depicted in figqure 3.1,.8 could be

eliminated and replaced with positive mechanical locks.

3.1.10 Space Deployment Concept

Deployment of the Space Station truss framework can be

-""ébpémpliéﬁea'fﬁ'iwe'bﬁééeé."'Tﬁe'fiiéi'pﬁasc consists of removing

the packaged truss scheme deplcted in figure 3.1.7 from the
paylcad and rotating the three trusses forward 90° as shown in
figure 3.1.12. The three common framc corners shown in figure
3.1.12 (a) (which are alss frame cdge node jointa), are hinged by
a ball-and~socket joint to allowAthe forward rotation. As the
frames are rotated, the other frame edge node joints will lock
into place by a mechanism similar to an-automobile hood or trunk

latch, one frame side containing pins and the other frame side
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contains the latching‘hooks. It is anticipated that this phase of
the deployment will require astronaut assistance since an
. automatic rotating system would impose an unnecessary weight

penality to the payload.

‘The second‘phase of the deployment scheme is shown in
figure 3.1.13 where the truss work is extended. The frames will
expand outward as well as longitudinally. Because of the
simultaneous double translation of the frames, it is not expected
that the t#usses can be deployed sequentially. This is the
critical phase of the deployment scheme that requires that all
members of the truss unfold at the same time to prevent’ binding. -
In addition, the energy contained in the deployment mechanisms
must be attenuated toward the end of the deployment cycle to damp
inertia loads in the jqintg. It is expected that the only
astronaut assistance that would be required for this phase is the
final inspection of the frames for damage and complete deployment.

As stated earlier, the Tetratruss concept is a highly redundant

“structure’ 50 that ‘the ‘damage irtcurred by any 'strut member or.joint- ..

will not cause a complete loss of the structure. It should also

be pointed out that the truss is repairable.

The expandable Tetratruss concept is feasible ﬁor‘the

Space Station frame structure, however, only limited models of the

concept have been built. The technology of the large planar truaC':

is available but needs to be proven, particularly with the
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° - mechanisms involved. ,Therefore, the conéept needs to:be'evaluated

with respect to building a large planar truss and testing the

deploymenﬁ characteristics in the near zero-g environment of a

-water tank{

3.1.11 Conclusions and Recommendations

Analysis and rationale have been presented in this
section that support the feasibility of constructing the large
planar framework to meet the requirements of the proposed Space
Station. Based on this concept and analysis, it was found that
these large frames do not necessatily have the’saheiéttlngeﬁtg
requirements imposed on them that some of the industry reports

used for their concepts. For example, the reports indicate that

the frames are primarily used for support of solar arrays and

antennas suspended by long structural booms which would inherently

be critical for dynamic and thermal loading. The present concept

not only provides a well secured substructure for the solar array

....but also prevides planar.area.-for-'work -platforms and storage

suppbrt} Consequently, the dynamic requirement to forin a stable

surface is only with respect to coupling with other dynamic

systems of the space station. Preliminary thermal analysis of the

space station has shown that the maximumaexpected temperature is

only 1S50°F which is almost negligible as far as degradation of

.frame material properties is concerned, and with the proper choice

of composite material cvomposition and lay-up direction, the

resulting thermal deflections ¢an be considered negligible.
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Investigation of frame concepts proposed by industry’

shows that the only scheme available for the automatic deployment

of a large planar area ulthout a ‘great anount of astronaut
- assistance is the Tetratruss design which was baselined for this ~~

. . study. Evaluation .of all the reported concepts indicated that a

minimum EVA requirement was the only real separator for the design
as all concepts could be made to serve the Space Station purpose.
However, some would require several launches to transpdrt the
total Space Station framework to orbit. 1In addition, the
Tetratruss concept was the only design that offered a structurally
redundant system that could allow severe damage to the truss

members without losing the system.

The critical design load conditions for the Tetratruss
Space Station concept considered payload docking, thermal,
dynamic, gfavity gradicent, and orbital transfer. 1t was

determined from these conditions that payload docking and dynamic

. loads. were the most critical. for the individual frame members. . &n.

analysis was made of a typical Tetratruss node joint using an
assumed combined limit docking and dynamic loading of 1000 pounds
normal and 500 pounds lateral to the node. Since the structure is

statically indeterminant, a computer solution was obteined which

showed that the manimum member design load is 491 pounds limit in

tension or compression. This figure was rounded up to + 500

pounds for the member sizing analysis. A safety factor of 1.4 was

used for ultimate sizing. For economy of manufacturing, all truss
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. -members are proposed to be identical. This will impose.a welight

penality for those members showing a lower design load, but addb

" conservatism to the redundant atructure.\

Comparison of vafious materials that could be used in
the manufacture the truss members revealed that those best suited
to meet the proposéd requirements.were the graphite/epoxy and
graphite/aluminum composites. The most important parameter for .
this comparison study was the low coefficient of thermal expansion

which allowed negligible thermal displacements. Material strength

_at operating conditions, while not all that important at the \

estimated temperatures and relatively low member loads, was also
included as selection criteria along with the high stiffness
needed for a high natural frequency. Graphite/epoxy composite was
selected over the'graphite/aluminum compoéite primarily due to the.'
expected cost of materials and manufacture. A detailed analysis
of cost conpar1¢ons will have to be performed later.

Final sizing and.analysis showed that the typical
frame member is a 2.0—inch diameter tube with a .035-inch wall _
thickness and is 10.41 feet.long. The critical failure mode is
colunn buckling and shows a positive ultimate margin of safty of
1.77. The 2. 0 inch diumeter tube is nade of 7 plyo of
graphite/epoxy tapc for a balanced ply lay~up hav1ng a very low
coefficient of thermal expansion. Using the density of .056

pounds/cubic inch for the composite, the weight of one tube is
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" 1.54 pounds; The combdter analysis indicates that there are

848 members per frame, therefore, the total weight of the Space
Statioﬁ'framework is 4701 pounds which includes a éO% factor for.
the additional weight of member end fittings and node joints.
.Calculations for the frame natural frequency shows that the lowest
frequency is 5.44 hertz and occurs 'for the condition of frame
memberweight plus the distributed mass of the solar cells, This
frequency is substantially higher than other Space Station

concepts reviewed in the literature.

“It has been shown in the precceding s .“sections that ©
the Tetratruss concept can be collapsed after its construction.on
the ground for storage in the shuttle cargoe bay and deployed in
space with a minimum EVA. The success of this concept is its
dependability and reliability of the frame joints to deploy once
the framework is in place outside the cargo bay. Flgures 3.1.5/
3.1.9, and 3.1.11 depict joints and deployment mechanisms from the
..;Lterqtpre“thet.are £easible;_QOMeyer,'qevelopment.ofhthese”‘
mechanisms on larger scale models needs to be completed.,
Therefore, it is recommended that a program be developed and
initiated to fabricate several foldable joint designs and
incorporate these designs into a subscale Space Station framework

structure for evaluation of the most relxable and dependable

performance.

123



7
” . '

e

ﬁﬂamx&*w\“\::&' i S ST
~ X, : .

a

&éﬁ'jw i 3.1.12 References

1. NASA Conference Publication 2215 Part 1, Large Space
Systems Technolo 1981, Third Annual Review at NASA
q Langley Research Center, Hampton, VA, Nov. 16-19,

P : - 1981. : - " AP

VS S . .2, Jdewell, R. E., "Deployable Platform Systems Develop-
R _ ment," Paper Presented in Reference 1, Page 219.

.. bl " 3. Large Space Erectable Structures, Final Report
o : Contiract NAS9-14914, April 1977, NASA Sohnson
Space Center,

- e et 8

. ; , 4. Hedgepeth, John M., "Sequential Deployment of Truss

ST Structures,” Paper Presented in Reference 1,
- ;1 Page 179. .
3
//j 5. Mikulas, Jr., M. M., Bush, H. G., and Card, M. F.,
. 1 --"Structural Stiffness, Strength, and Dynamic
ya 2 Characteristics of Large Tetrahedral Space Truss
- E Structures,"™ NASZ TMW-74001, March 1977.
»h; 5. Advanced Composites Desiqgn Guide, Air Force Flight

Dynamic Laboratory, Wright-Patterson Air Force Base,
Ohio, Vol. 1, Design, Third Edition (Second Revision)
January 1973, Chapter 1.2, Page 1.2.2.

‘;_ 7. “Large Space Programs," Presentation to NASA JSC

bE Structures Division by R. R. Johnson of Lockheed
o Missiles and Space Company, Inc. on August 9, 1982.
¥

8. Stebbins, Frederick J., "Characterization of

.. .- . s+ vue_ +v. ... ....Conmpression Elements of Large Space Structures,”
e T ) oo Johnson Space Center Structures Branch Report,
I ES2-81~1, Auqgust 1978,
o 9, Leissa, Arthur W., "Vibration of Plates,": NASA
— SP-160, 1969.
— :

124



s

o4 0003 46 LS B S ISR

g v P

Y
’

)

oy
- - v+

ol Sk

e

I LA P % Bl

i‘
B
1
)

L nar o —— o R ¥

A e

[

B 2 s
o o ekt admh. JESEON

3.2  Handling Equipment

During the normal everyday operation- of the Space

‘Station, it is necessary to move'equipnebt, modules, pressure

vessels fuel tanks, "and ot.ar spacecraft components fron one
location to another. This requires handling equipment which would
either be remotely operated or manned. In either case, the
requirements are somewhat different from ground handling equipment
such as cranes, forklifts, etc. Ground equipment must be designed
for lifting objectives under one-G force field and then
transporting those objects. Handling equipment for orbital
operations need only to transport objects and then to position
those objects to secure them. In the present Space Station
configuration, the handling equipment should have a reach of ébout
100 feet and should have the capability of operating either on the
1nsidé or thé 6u£skde”of the statjon; A manipulator similar éé
the Shuttle Remote Manipulator System (RMS), but twice the siie,

is evaluated as a station RMS. These station maniulators will be

.attached to-.the edge .af .the..Tetratruss.midway between, the apex .

modules. The dynamic effect of handling a 187 KIP payload was
determined for this configuration including the loads and stresses

at the base of the RMS,
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| \; - c : B.Q.fJ‘ ﬁequifements (Goals)

A) Two manned manipulators

o Handli'ng oTV eﬂtc.

o o

» o Rescue Of one crew from an immobilized unit
- by the other unit
\é B) Each manned manipulator should be capable of easy

inside to outside conversion

C) Each manned manipulator should be capable of

e dh; £ it id AN AEEN

reaching the base of the other (for rescue)
T D) Cfrew in each manipulator can operate in shirt
; 5‘ ‘ sleeve éhQi?éﬁment S |
; E) Crew should be capable of EVA from
RS manipulator
4 3 F) Each manipulator shall be capable of docking with the
! o Space Station module
7& o Orbiter
o The other manipulator
.a,;..;;.‘“:-;;-.z ..... G) "~ CapabiTity’ for one manipulator unit to ;elécaté..‘
E | the other'manipulator |
",{ - H) The manipulator.chamber shall have sufficient gas
- storage to.resuppiy chamber at least once
,{; B I) The payload bay stowage should be based on
;é”_, - minimum Orbiter flights . S o ﬁ
g o o Both maﬁned manipulafors should be launched in
one mission without docking airlock in payload bay
0 One manned manipulator shodld be able to be sﬁowéd
a with docking airlock in the payload bax
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. 3;2.2 The HManipulator Cohcept

Two types of manipulator systems are considered

A. Manned Manipulator System - This system would have a

"manned capsule attached to the end of an articulated boom as shown in

" ‘Figures 3.2-1 through S 2 -4, This capsule would be pressurized and

would have its ownAlife support equipment to provide a shirt sleeve
environment for the operator. It would have the necesary controls so
that it could be translated in any direction and would have the
necessary pitch, yaw, and roll controls. Attached to this capsule

would be a palr of manipulator arms operated by the man inside the

" capsule. This capsule would al:zo have a standard docking port for

personnel transfer (module to module, shuttle to module).

B. Remote Manipulator System - This system would be

sxmllar 1n design operation to that of the Shuttle RMS. The end of
the manipulator could have an end effector, work platform, or

grappling arms. It would be operated from within the Space Station

.- module by dirggp.visipn-anﬂlor closed circuit TV.

There are advantages and disadvantages to either system.
However, they both can use the same basic manipulator arms. This

manipulator arm could be a specially designed arm based on the reach

requirement and paylod stowuge, or it could be a scaled-up version of

the Shuttle RMS.
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3.2.3 - Loads And Stresées

The purpose of this section is not to show a thorough

' 8tress analysis of the manipulator system, but to evaluate the effect
" that the manipulator tip loads would have on the attachment to. the

.SpacowStatﬁpn structure. It is anticipated that these manipulators

would be fastened on the edge of the tetratruss structure as shown in
figure 3.2-5, midway between the modules. This location is the best
for reach capability but the worst for structural loads and
deflections. If this tetratruss is too flexible, the RMS responsec

time will be too long; if the loads are too large, the tetratruss

» individual members may be too weak in Eulct’column»buckling. "The

local members adjacent to the base attach structure of the ranipulator
can be increased in size. Thils section will cvaluate the amount of

local redesign required to insure strength intogrity of the tetratruss
structhre'and related it to the maxium excursion velocities which load

the system.
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3.2.3.1 OPERATIONAL STRESSES (CONT'D)

- FOR THESE CONDTIONS, THE STOPPING.DISTANCE. Sy SHOULD BE LESS THAN
2.0 FEET. WHEN THE FLEXIBILITY OF THE ARMS AND JOINTS ARE CONSIDERED, THE
TIP LOAD AT THE RMS END EFFECTOR IS Fy = 55 LB.

SPACE STATION RMS CRITERIA AND DESIGN

'REFER TO FIGURE 3.2-5 FOR A DYNAMIC MODEL. THIS TIME, FOR DESIGH
LOADS, ASSUME THAT THE SHUTTLE IS AT THE END OF A MANIPULATOR ARM THAT IS
SIMILAR TO THE BASELINE RMS EXCEPT THAT IT IS BIGGER. BASED ON A LAYOUT -
OF THE MANIPULATOR STOWED IN THE PAYLOAD, THE GEOMETRIC SCALE IS ABOUT 2.0.

ASSUME THEN A SCALE FACTOR = 2.0 ON ALL THE DIMENSIONS. ASSUME THAT THE BOOM
MATERIAL IS GRAPHITE EPOXY, THE SAME AS FOR THE SHUTTLE RMS. SINCE THE
HODULUS IS ONE-TO-OME, -IT IS DESIRED THAT THE STRESSES ALSO BF ONE-TO-ONE.

TO O3TAIN THIS CORRELATION, THE MAXIMUM TIP FORCE MUST BE CHOSEN.
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' 3;2;4'7 Ménipuiétor‘dperations e | ( - ’1‘ Ai SR
When the Space Statipn is serviciné OTvvvehicie;, 6r when
 thé shut£1e-Is:bohihg:ih{dr goingrbuﬁlof the Space sta£16n,‘or when
équipment is stowed or reagranged, many manipulator operations will be
nécessary,'.Objects of. various sizes and weighté wiil have to be.moved

from one location to another to perform the various tasks., Different

types of basic operations are described in the following sections.

3.2.4.1 OTV Handling

A concept for handling OTV and component parts is shown
s - .Jdn figure 3.2~10. 1In these operations, heavy mass items such as fuel
tanks will have to be moved about and assembled to one another. Theéé
v operations can be greatly facilated by a manned manipulator since some
EVA may be necessary. The manned capsule provides a station from

which local EVA is perfbfmed.

3.2.,4.2 Moving Base of Manned Manipulators

i utn.vue. s+ ... ..Depending on the task, the manipulators may need the
capability of reaching any objéct on thé Space Station configuration,
inside or outside. However, if two manipulators are used, rot all
areas are accessible. If would be desirable if one or both manipu-
“lators could change their base location. There are practical problems
‘associated with this desired capability. The nain problem is the

umbilical power, feed and cooling lines that would have to be

disconnected and reconnected. Unless there is a self contained power

158
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~automatic disconnect and reconnect feature.

supply, one manipulator could not relocate itself since it would be -

inactive as soon as the umbilical is disconnected. The only practical

way is for one manipulator to relocate the other one and even that.

would be hard to achieve because of the umbilical, which would need an’

u

3.2.4.3 1Inside and Outside Conversion

With the manipulator working from the base located )
midspan on the edge of the Tetratruss, it would be highly desirable
for the manipulator to operate on either side of the tetratruss. This
can be achieved by a turntable rotation feature at the base as shown
in figure 3.2.11. In effect,'tﬂis pegmitstthe maﬁipulaﬁor to rea;h

twice as much area as one deslgned to work on one side only.

3.2.4.4 Shuttle Docking

One of the main functions of the manipulators is to. -
dock with the Shuttle for berthing and station keeping and to extract

payloads from its payload bay. In figure 3.2-12 is shown a docking

. ‘operation.where ‘the Orbiter 'is kept some distance away from the Space

Station. In this case, the other manipulator can be used for
axtracting a payload. The disadvantage of this is the difficulty ol
crew transfer. Conceivably, after the payload is extracted, the
second_mahipulator can grapple SOmé fixed part of the Orbiter and the

first manipulator can be used for crew transfer. 1In another concept,

as shown in figure 3,2-13, the Shuttle can be docked to some part of

160
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Step 1

Fig 3.2-11a,

Step 2

Inside and Outside Conversion, Steps 1
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Shuttle to Spacé Station Docking, Manipulator System Operation,

Fig, 3.2-13,

- = ————— i - A e



v

- o |
<~ the Space Station and one of the manipulators can be used for

extracting the payload. This too would have certain disadvantages

such as the requirement for additional docking'ports on the station

modules. . i
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3.2.5 Stowage of the Manipulator

Our primary concern is how the manipulators can be stowed

.- in the payload and transported to the Space Station. It is also

highly desired that both manipulators be taken up in one £light. One

. concept for stowing the manipulators is shown in figure 3,2-14.

infﬁialiy.éuriﬁg'Spéée'Station buildup, thé manipulators can be flown
up‘and the Shuttle RM3 can be used for extracting them from the
payload bay and installing them on their respective bases. Note that
the turntable base is not packayged with the manipulators and would

have to be flown prior to this flight and installed into place.
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©3.2.6 ‘' Conclusion .

A manipulator s§stem is conceived that will be used for

.- handling a large variety of equipment, modules, or the Orbiter. This

hanipulator can be either remotely operated or manned. It is based on

" the current Orbiter RMS design and is éca;ed up to handle large masées
such as the Orbiter. 'For this large mass, it is feasible to design
vthis Space Station manipulator end to have an excursion velocity of
0.20 ft/sec and a stopping distance of less than two feét with minimal
structural beef—up.near the base attach point. For smaller masses,
the excursion velocity can be greaﬁer. It is also feasible to package
two manipulator systems, without their bases, in the payload bay

assuming the full length can be utilized.
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3.3 i'Holddown Attachments vyﬁ ? T, L - , ) L -

3.3.1 Introduction

e ﬁ_,xépace Station potential uses include maintenance SRR N

and servicing of a large variety of Orbital Transfer Vehicles '
(OTV), satellites and the Shuttle Orbiter. The'servicing tasks a:e“
expected to be cxtensive, involving numerous components and

processes. The typical servicing activities will include

a. Propellant and oxidizer loading (transfer)

b. Checkout and refurbishment of OTV and satellites

c.n Orbiter payload unloading and loading . ¢
dl Berthing and stou}ng of items on Space Station

e, Assembly of OTV and satellites from subunits

f. Launch and deployment of OTV and satellites

The performance of these tasks will involve the
attachment and securing of a diverse variety of hardware to the

Space Station. For the station concept of this study, the majorxty

LR
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;"of ‘the' items' are attached to the expandable trusses that compriue

rageee e

- made at the nodal points except for thP attachmént of low’mass-

the three sides of the station. The propocsed design of the trusses
is a tetrahedral deployable design. The trusses are made of
graphite/epoxy tubular members with special fittings at the nodal

points. The attachment of the various items to the trusses is

(items, such as cable and tubing runs, vhich could be attached

anywhere on the truss members.
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The imposed loads on the holddown attachments are
relatively low, in that the accelerations of attached 07V,
satellites, and other items, because of station manuevers, are
minimai>when compared to ascent and descent loading for typical .;7

orbiter missions.

The truss nodal points have the tentative requirement
to resist a 1000-1bs. normal load and two 500~lbs.'orthagonal shear
loads with respect to the plane of the truss. The holddown
attachments will have the same tenative loading criteria as the
truss nodal points, i.e., to resist a 1ooo¥1bs. normal load and two

500-1bs. orthagonal shear loads w!th respect to the plene of the

truss.

The proposed holddown attachments will perform the
following
a. Attachment of OTV to station
.g..'Attachment of Orblter to gtation'
C. Attachment of ancilliary equipment to station
l. Propellant/oxidizer tanks
2, Gas storage tanks
3. Cable runs
4. Tubing runs.

d. Attachment of satellites to station

171



LN

2

\ R R T T R AT T T

t .

manufacture.

Mg A AR e A ety e ¢ e .

A F Y U

The scope of this section includes the various holddown

attachments that were considered with preliminary design concepts,

analyses, and sizing information.

3.3.2. Attachment Interfaces

3.3.2.1 Attachment at Truss Nodal Points

The holddown attachments to the Tetratruss.

system will be interfaced primarily at the nodal points utilizing
the truss fittings that form the interconnection between truss
diagonals. The preliminary concept selected for the truss fittings

utilizes a nonmetallic, molded design. The diagonals are attached

to the periphery of the fitting by means of bolt through integral
lugs that are molded with the fittings. 1In the center of the
fittihg; there is an unobstructed boss that may be utilized as an
attach point for holddown devices, A titanium or aluminum insert
would be installed in the center of the boss at the time of

The 1nsert would have a holc (1/4" diameter to 3/8“

dzameter) for holddown devxce attdch pxns. The truss flttzngs and

the holddown device fittings are fastencd to each other with EVA
conmpatible quick-release pins. Figure 3.3-1 degicts the attachment

configuration,

3.3.2.2 Attachment to Truss Diagonals

The attachment of low mass miscellanecous

items,such as cable and tubing runs, does not have to be restri :ted
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to the truss nodal points. These items may be connected to the

"tetratruss diagonals at any arbitrary location due to the low loads

that they induce into the truss members.

~

~ The cable or tubing trays-are fastened to the truss

‘member withh a push on type spring or latch mechanism that will be

attached by EVA. Fiqure 3.3-2 illustrates two alternate attachment

concepts.

3.3.3 OTV Holddown Attachments
| Since OTV are in the preliminary concept stage, there
are no firm requirements and configuration definitions. Various
groups within government and industry are performing tradeoff

studies to arrive at OTV requirements. Because of the lack of

indefinite OTV definition, the reguirements for the tie~-downs were

derived from Shuttle payload restrictions. The Shuttle
capabilities are fixed, thus, the mass and size characteristics for

OTV subunits will not exceed Orbiter limits when they arrive at

.-tne“atation.--OnprbLt-assembly-and-propellant and oxdizer weight ~ "'

could increase the final "launch"™ weight and length of an OTV

conciderably.

All OTV stages, payloads and associated eyuiprent

will be transported to orbit in the orbiter payload bay. It is

therefore reasonable to‘expect that all OTV components will have

trunnion attachments for payload bay stowage, grapple fixtures
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RMS handling, and pqssibly attachment devices for interfacing to
currently contemplated handling mechanisms such as Handling and
Positioning Aid (HPA) and Fayload Installation and Deployment
Actuétor (PIDA).b The oﬁorbit holdéown attaéhments should.be ‘
designed to utilize fixtures on OTV that will serve other functions
as well, thus, deieting-the need for spécialized fixtures’dedicated

only for onorbit stowage.

The holddown attachments should meet the following
requirements ‘ .

a. Stowage and transportation of holddown attachment‘
to orbit in orbiter payload bay.

b. Deployment and securing of holddown attachment by
station manipulator on EVA,

c. Stowage and release of OTV with remotely actuated
latching mechanisns. N | o

d. Ability to place and secure at any location on

truss to meet various OTV servicing requirements. This is also a

-. .reyuirement for .the.truss...,

3.3.3.1 OTV Trunnion Attach with Tripods

The Orbiter tragsported OTV will most likely use a
5 point trunnion attach method in the payload bay. This would mearn
the use of four longeron trunnions}and one keel trunnion.' The
‘longeron trunnions could be utilized to secure the OTV to the

tetratruss on the Space Station. For this configuration, at each
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longeron trunnion there is a tripod support (see figure 3.3-3).

The -tripod members are graphite/epoxy tubular members. The

attachment of the tripods to the_truss nodal points are made with

gquick release pins as shown in section 3.3.2.1 (see figure 3.3-1). -

Tne attachment of the OTV to the tripod can be accomplished by

‘means of capture latches that would mate automatically when an cIvV

trunnion is berthed to them. The trunnion latches have a remotely
actuated release mechanism that is operated by means of an
electrical solenoid or motor. The lightweight longerun fitting

might be utilized for this application.-

The preliminary sizing fér the tripod members is based
on a calculated 5000 lbs. normal load to the plane of the truss ber
tripod, This was obtained assuming that the OTV impact is taken by
two tripods. For this load, the loads in the tripod members are in
the fAngé of 2000 ko 2500 1bs. The tripod member lengths are 8 to
12-ft. This results in a member size similar to the truss '

diagonals; i.e., a graphite/epoxy tube of about 2" diameter with

“abbut-.049—wail-thickness.-.The.reactions-normal to the truss -at.

the truss npdal points range from 1300 to 2300 lbs. Thus, the

gquick release pins could be from 3/8 to 1/2 diameter and be more
than adequate from the strength stand point. It is péssible that
EVA requiremenﬁs may Qery well dictate a larger pin diameter for

the quick release pins.

The layout of the members for the Tetratruss is a




e ————

————— e e




LR —

uniform pattern of equilateral triangles with a 10.4-ft. nodal
dimension. Figure 3.3-4 shows a plan view of the truss, with an
outline of an OTV and four tripods. For the depicted conf{guration
the trunnion spacing on the UTV would have to be 18.04 ft. to
permit the use of similar triéods. If the trunnion spacing is
something other than muitiples'of 9.92 ft, then the tripods would

be different for forward and aft trunnions of the OTV.

3.3.2 Handling Fixture Attach

All expéctedeTV designs will incorporate some form
of perménent handling fixtures as part of the OTV structure. These
may be grapple fixtures‘for handling by RMS, PIDA fixtures for
deployment by PIDA, or passive HPA fixtures for manipulation by
HPA.

It is conceivable that these fixtures may be utilized
for on-orbit stowage and retention of various OTV compecnents. 1In

order to satisfy the requirement that all significant lbads be

applied to the tetratruss at .the.nodal points, the use of PIDA—HPK

type devices requires the employment of a low tripod that would
serve as a load path to the truss nodal fittings.' Figure 3.3-5
depicts a possible configuration for a PIDA/tripod attachment

device. Generically this concept would be the same regardless of

the type of fixture that was used (PIDA, HPA, etc). They all share

the inherent drawbacks that
a. The mass of the OTV is cantilevered from the plane

of the truss and the lateral loads are resisted only by the moment

79

L o ”, :
P SN S e
Eorg WY .

e e e = e s Stmamm——— ©



ININININ v\/\”\‘v\/\*‘
f , mm&ﬂ/

AVAVAVAVAVAVAVAVAY AVAVAY,

| /'—Tl\ 1POD (TYP FOUR PLACES ) .

NN
/\ /\ /\ / \
VAR e \/ V/ N/ \/ \/

AVAY /NN\&AAw\
VAVAVAY < AVAYAVAVAVAVAV
/INNN T KﬂfWMV\

© FIG. 3.3-4 VIEW OF OTV AND TRIPODS ON TETRATRUSS




/i

ERE Y

[T N
She WIS -

L2 A




.+payloads-are. depicted with -ifnterstage attachment devices that

haukell 2

capability of the PIDA/HPA type fixture.

b. The loads from the OTV are transferred into fewer
nodal points of the tetratruss than with the trunnion attach
method.

c. The PIDA/HPA type mechanisms are inherently
cdmplex and require further development to demounstrate long term

reliability when exposed to onorbit environments.

The use of this type of attachment for OTV berthing. to
the space station is not recommended due to the drawbacks cited

herein.
It is conceivable that later desiyns and inventions
may make this type of attachments more desirable; however, further

consideration is deferred at this time.

3.3.3.3 OTV ‘Berthing Fixture Attach

On some previous concepts, various OTV stages and ;

strongly resemble Orbiter type ‘docking units. In those
configurations oTV a;e'shown beqthing to the Space Station, to

payloads, and to other stages by means of the docking unit.

The use of such a concept is very inefficient from tne
structural point of view, The diameter of the docking unit is
considerably smaller than the diameter of the OTvV. Thus, any

bending moments imposed on the docking unit will result in hign
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strength requirements which means more weight. If those bending
moments were taken out thru some skirt attach scheme along the

periphery of the OTV then considerable weight savings could result.

The dockxng units are also quite complex mechanlcally,

whlch mlght result in long term maintenance problems.

It would be a desirable requirement to minimize tihe
number of docking units for the space station and 0TV's. The
benefits of such action would be weignt and cost savings, as well

as increased life for the Space Station.

For the reasons cited herein Orbiter-type berthing and
docking units are not recommended for OTV propulsion stayges or

unmanned payloads.

3.3.4 Orbiter Berthing to Station

In the course of routine station operatlons the

.orblter w11 v1s1t the statlon on a regular bas1g. The typlcal.
vis1t will 1nc1ude the foliuwing

a,. Apprdach to station

b. Station keep prior to berthing

c. Berth to station

d. Stay befthed to station for duration of yisit

e. Deberth from station

f. Separate from station in preparation fop deorbit

g. Deorbit
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The activities during the visit will be highly

variable, however, generically they will involve the transfer ot

a. Personnel
b. Payloads
‘¢. Propellants/oxidizers/fluids/gases

d. Consumables
A successful berthing system will be adaptable to all
possible Orbiter-station interactions including provisions for

resisting all berthing interface forces and moments.

3.3.4.1 Orbiter Berthing with Baseline Docking Tunnel

The baseline orbiter docking module is definéd in
MCR 5546. 1In that propdsed concépt, the docking module is located
at the forward end of the payload bay. The tunnel is attached to
the hatch ioéated iﬁ £h; c;ew éabin aft bulkhead. The docking
interface is at Zo515. The docking module support structure -

attaches to the longerons and the keel with standard payload

. ﬁittings;_.Eigp:q,3,§7§.depicts.the.dockidq-module eondept:“

The.docking systemlmechanism is similar in concept to -
Apollo Soyuz Test Préject (ASTP) with actilve and passive docking
units, where “active" refers to thé docking unit Qifh attenuator
supported standoff ring which engages and latches the other dpckin§ 
unit on initial contact. It is anticipated that in this concept
the Orbiter docking module will be the active one and the Space

Station docking interfaces will be passive.
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The Orbiter docking module has the following.

preliminary design requirements.
. a. Docking reéuirements
.Mission
' Norhai‘payioéd docking
Orbiter/orbiter docking

Orbiter/station docking

b. Contact conditions
Parameter

Rel. contact velocity (-2)*

(X,Y)
Relative ang. vel. (3 axes)
Relative lateral (X,Y)

displacement

Relative angular (pitch & roll)
misalignment :
‘Relative rotational *(yaw) -
misalignment

ﬁeight
65,000 1bs

Orbiter weight

Orbiter + payload weight

.05 fps min
0.5 fps max

0 to + .1 fps max

+ 1.0 deg/sec abort
any axes

0 + .5 ft.
0 + 5 deg about each
axis

* 0+ 7 'deyg

* parameters in Orbiter coordinate system
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_module. The docking module wculd have to fly on every mission,

The docking module concept for Orbiter-to-station

berthing is achievable, however, it has a drawback. 'Cohsidetable

" payload bay volume must be sacrificed to accommodate the docking

thus, the net effeét would be the reduction of available payload

bay.  length by approximately 70-80 inches.

The station concépt described inlthls document has
spare berthing ports available on all modules except on the
logistics module. It is feasible to berth the Orbiter to any
unoccupied berthing port. Figure 3.3-7 shows one option for
orbiter berthing. The orientation of the Orbiter with reSpect to
the station would be a function of the particular task to be

performed i.e.., payload unloading, crew transfer, etc.

The handling devices (cherry pickers) are described in

section 3.2. One concept involves a manned operators module that

has a oerthlng port which enables the handllng device to serve as a

means of berthing the Orbiter. One of the handling devices would
berth with the Orbiter docking module, while the other. handling
device would be utilized to remove or install payloads from the
payload bay. Configuraticn and:operational details of the handling
devices are deécribed in detail in section 3.2. »

3.3.4.2 Alternate Orbiter Berthing Concepts

The present configuration of the Orbiter limits

the methods of berthing to that of the docking module concept.
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- FIG. 3,3-7 VIEW OF ORBITER BERTHING AT APEX OF STATION
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However, with modifications to the Orbiter it would be pbssible to

‘develop alternate means of berthing to the Space Stativon. Whether

the costs can be justified, is a function of the required payload

bay length. If a potential customer would.have a’ payload that
'required the full péylbad bay length for a high value qérgo, then

an exﬁénsive.modification to the orbiter might be economically

feasible.

Alternate concepts have becn discussed where the

Orbiter would be attached to the station utilizing special new

- design fittings, or existing attachments such as forward and att LT

attachments. Generally, they all required Orbiter modifications;
they were in high heat areas, thus, tile danage was likely from
routine attachment operations; they were at points that would be
hard to reach from the trusses on the station. One concept is
depicted in figure 3.3-8. It is expected that development of
station mating equipment will be costly, however, programn

requirements may justify the required funding levels,

3.3.5 Attaechment of Ancilliary Equipment to Statiorn

3.3.5.1 Storage Tank Attachment

The secrvicing of 0TV will involve the use of
considerable amount of ancilliary equipment. it iS expected that
propellant and oxidizef tanks will ke rather large with stgrage
capacities in the 30-80K lbs. range. This precludes their
integration to the station as part of a module. Storage tanks of
this size will have to be mounted onto one of the Tetratrﬁsses.

.
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" The large storage tanks will be transported to the

station in the Orbifer. Likely they will have a four-or five-point

trunnion attachment configuration for payload bay transport. Thus,

the attachment method that is planned for OTV would also be .
feasible for the storage tanks. The trunnion attachment with
tripod (see section 3.3.3.1) will be utilized for securing the
storage tanks to the Tetratruss. Description of the tripod
attachment scheme will not be repeated here since it is identical

to the OTV attachment.

[ e

The OTV. servicing function also includes the need for
smaller tanks. Some of these are for gas storage, whereas, others
for liguids. Because of their size, these smaller tanks could be
located anywhere on the station. However, there is requiremﬁnt to
minimize tubing and cable runs. Thus, it would be a decideé

advantage to locate all storage tanks in close proximity to one

- another« -This*would-result- in shorter tubing and cable runs, and

perhaps simplier umbilical connections.

For this station concept the OTV servicing tank farm
is located on the inside plane of one of the Tetratrusscs.close to
the apex. The tankfarm includes a deployable, nonthrusting boom
for purge and vent operations. There is a cable énd tubing tray

run to the closest service module and one to the OTV service area.
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3.3.5.2 Tubing and Cable Tray Attachment

The tetratruss inside plane areas are the planned
locations for the OTV servicing activlties., The outside planes are
the locations for the solar arrays, the radiator panels and the

various communications and radar antennas.

The various components that comprise the total
function of the station will be interconnected by a number of
electrical, data, and antenna cables and tubing runs for multiple

[

" fluids and gases.
The tubing and cable runs have to be deployed,
attached to the Tetratruss and interconnected to the various

components before station operation may begin.

The configuration selected for this Space Station

<" Tontept -is -a foldout type ‘cable/tubing. tray that is attached to- the

tubular members of the Tetratruss. The cable traYs are transported
to orbit in 40-feet sections. The sections contain all the
required cables and tubing, and are hinged together at the ends.
Flexible joints are provided for the tubing runs. Umbilicals are
attached to the cabletrays at the ends of tubing runs. The cable

" trays are transported to orbit in the folded configurationAano
stowed in the Orbiter payload bay. They are deployed onorbit wiun
the RMS and attached to the tetratru . The attachment intertace

is described in section 3.3.2.2. After the 1nstallat10n of cuule
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trays and all mating components the umbilicals are deployed and
mated: with Subsequentrpurge, £i11, and checkout activity the

cable and tubing tray installation is completed.

3.3.6 Attachment of Satellites to Station

The satellite servicihg Eunction.for the Space Station

will encompass the retrieval, store, servicing, and deployment of
various satellites., The projected traffic model to year 2600

includes a diverse variety of satellites. They range from

_ cpmmunications satellites destined f>r GEO, to space telescopes,

LDEF. B '
The satellites are expected to be uniyue in spite of
present efforts. underway to standardize satellite design. Thus,

the attachment and stowage preblem for satellites on the space

station is expected to be formidable.

e "Whgié'ﬁdséiﬁlE,'OiBfééi'tfdnSpbrt'cradlé§;;ﬁkdnhion
fittings, and grapple fixtures may be utilized for the attachment

of the satellites to the station. This method however may not be

feasible when the satellite has large appendages (such as solar

pancls, radiators).
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: In general, ICD requirements betwcen satellites and

the Space Station will have to be developcd on a case-by-case

_ basis. Thus, attachment hatdware for Space Station berthing will

have to be developed simultaneously with the satellite. Because of
the lack of requirements and definition, further consideration is

deferred.
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3.4" Module Desiqn‘

3;4.1 Introduction

ot The basic modular element of the Space Station is

.envisioned to be a large cylindrical pressure vessel ﬁha; can be

transported to the orbiting station in the Shuttle cargo bay. A
sketch of this concept is shown in figure 3.4.1. The cylindrical
vessel will have end domes that contain docking ports and windows.
It is also envisioned that this module will be designed so that it

can serve as a universal shell and frame element that can be used

‘for multiple functions. This type of design will lead to a mass

production of modules from an assembly line and minimize the cost
of a Srattle launched Space Station. The module function (crew
yuarters, medical scrvice, galley, laboratory, etc.) would define

the interior support equipment.

The study conducted in this section will present a

.universal module design concept that can be transported in the

Shuttle cargo bay.

3.4.2 Modulé Desigh Requirements
The following list specify general requirements that
have beeh identified for the Space Station module. »
- A. The module should have a ten year service life

with a possible refurbishment every three years.
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B. .Fact§rs df_Safety

1. Ultimate factor qf safety 2.0 for internal

G €3, © P AN R PR

‘pressure. - T PR

2. Ultimate factor of safety

1.4 for inertia
loads. _ -

C. Module size to utilize maximum Shuttle cargo space
without violating the Shuttle requirements.

D. Provide a shirt sleeve environment at 14.7 psia.

E. Provide adequate internal attachment structure for

< module function configuration. .

F. Lightweight structural design.

G. Module internal volume to remain "clean" for
maximum module function configuration.

H. Probability of no meteoroid penetration for ten

years of .9.

I. Provide structural capability for docking to other

. modules and to the Space Shuttle.

J. Ptovide:vehicie viewing ports and‘uhbiliédi. :

Lanels.

The design service life of the Space Station will be
ten years. The 2219 aluminum proposed for the module structure
wiil-have no problem meetiné this criteria for sustained 1loads.
The other parameters that will affect the life of the module'will
be fatigue stress cyéling becausc of thermal and internal pressure

changes and onorbit external loads. It is expected that these

effects will .be hegligible for the module service life.
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The maximum module size that wlll fit into the Orbiter

. payload bay without infringing on the Orbiter s clearance envelope
1s shown in\figure“3.4,2.’ The module size shown is 14 feet in_

diameter and 49.917 feet long. However, because of possible

deployment problems with this module, it was decided to rcduce the

module length for this study to 46 fect.

A shirt sleeve environment for the module will require

thermal conditioning and a 14.7 psia atmosphere. The thermal

.conditioning will require thermal insulation and radiators.

The module structure will have to provide attachments for the
insulation. The e¢xpandable truss structure will provide support

for the radiators.

- It is envisioned that the niodule ring frames will

provide ample attachment area for the internal configuration of

the module. Since the module CG limits, as dictated by the apace

Shuttle Systen Payload Accommodatxons, reference 1, indtcates that

the 2-CG will lie below the centerline of the module, it is

anticipated that the larger mass items will be located beneath the

‘module floor on pallets attached to the ring f.amelflaﬁges. The

configuration above the floor is anticipated to be a "peg board"®

type structure attached to the ring frame flanges that will allow

any combination of equipment mounting and compartment bulkhead

installations. Details of the different internal configurations

.required for an operational Srace Station have not been defined.
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The universal module primary load carrying sttucture
must be as light as possible to allow for growth in the equipment
required for any. module. function that may be requlred. This ': BT
requires a hlgh-strength to-weight material that can be eaaily and
economically formed into the structural shapes needed for the
design. Section 3.4.6 is devoted to this requirement and goes
into considerable detail involving cost and manufacture. A module
weight of 40,000 pounds was used for the sizing and weight
analysis in this feasibility study; however, the module does not

. .need to be restricted to this weight. E CORE T

To have A module that will serve any gliven function
efficiently, the primary load carrying structure should be clear
of the interior space, giving abundant work or storage area. 1In
this study, the primary load carrying structure is considered’ to
be an integrally stiffened skin with ring frames. The skin will
resxst the pressure loads and also be stxffened bylstqingegs’.
equally spaced along the outer circunfetence to resist body
bending and arial loads from the Shuttle flight enyironment. The
piacément of the stringers bn the outer sufface of the skin will
not only produce a “clean"™ internal volume, but will also produce
a more efficient section to preclude general'instability of then
module from the large axial forces during ascent. The ring frames
wi;l be located in the interior of the module and serve a double
purpose to reduce the overall column length of the module for
buckling considerations, and also to provide attachment locasisns

for internal equipment and bulkhead partitions. In general, the
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~ring frames are usually heavier than tequiréd for bdckling

considerations; therefore, the additional material they possess

can be used for the attachments.

< o -
‘ ER
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-Design of a maﬁﬁed modular element for the Spaée
environment should certainly include protectidn for meteoroid and
debris impact. The exposed surface arca and ten year service life
will réquire a certain amount of protection for the crew and
equipment even with the anticipated low earthborbit of the Space

Station. The approach used for this study includes a meteoroid

" shield that will be séparatéd from the module'pressu}e ékih by

nonheat conducting standoffs attached to the longeron. Therefore,
the shield and pressure skin will form the meteéroid barrier.

Because of the lack of a definition of the probability of having a
penéttatién, it.has.been assumed for this study that there will be
a 90% probability of no penetrations for the ten-year service life

of the module.

Vefsatility of the module will require that docking
ports be provided for mating to other modules as well as the

Shuttle. To provide entrance and egress at two locations in the

'moduie, two docking ports will be provided, one at each end at the

module dome apexX. This would also be an ideal location foﬁ_

viewing ports.
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3.4.3 Module Configuration

; o | . The configuration baseline chosen for this Study is;
.. -shown in Figure 3.4.3 and is an all weidéd'alumiﬁbm,ﬁibtegiall; '

stiffened cylinder witﬁ double curvature domes. The inside radius
of the module was reduced to 80 inches ‘to allow an additional
4 inches for the meteoroid shield. From a study presented in a
later section, the baseline double curvature end closhre was
chosen to be the Cassinian dome which will be shown to have
several advantages over the other dome shapes. A 80-inch diameter

.+ . docking hatch has been included at cach dome apex which will |

| provide a 60-inch wide passageway for cargo and equipment. Each

hatch has also been equipped with a centrally located window.

3.4.3.1 Module Skin Thickness - The thickness required in the
cylindrical portion, using 2219 aluminum to resist the internal
pressure of 29.4 psi (ultimate) is .0392-inch. The basic
_';;higkpgsg,:ggqi:ed,@n.the Cassinian .dome. area is. .032~inch (see .
reference 2; m = .19, n = 1.67, r = 0, a = 80 inches, Fgy = 60,000
psi). Theoretically, the Cassinian dome under consideration will
experience no diséontinuity ;tresses at the dome/cylinder
interface if the,thickhesses of each are equal. A basic thickﬁess—
of .04C-inch is recommended to resist the internal pressure;
.héwever, thickness of .060-inch will be required to meet the

meteoroid protection criteria.
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Rigg and Lonqitudinal Stiffener Design- Ring and

stiffener spacings for the modulat element were selected to

. provide adequate attachment po}nts for meteoroid shielding, v

equipment, floors, ground héndling, etc. This selection resulted
in nine rings spaced equidistant along the cylindrical portion of

the module and 162 longitudinal stiffeners spaced eyuidistant

~around the circumference and running the entire length of the

cylindrical po;tion of the module. Strength and buckling
requirements were adequately satisfied in this functional design.
Thiskarraqgemen; pgpvides a light st{ffened structure and also
provides a versatile basic structure if design changes should Qe

necessary.

The module rings were designed primarily to provide: -
for attachment of internal equipment, and for handling and
mounting of the module in the Shuttle payload bay. The

cross secrion 14 more than adequate to carry the launch and flxght

'loadg. Typical cross sections are shown in flgure 3 4. 4. The

dimensions for the ‘longitudinal stiffeners were chosen to

- facilitate attachment for the meteoroid shielding and élso to

provide adequate stiffness to prevent buckling of the skin. a

typical cross section is shown in figure 3.4.5.
High density mass of unidentified subsystems may cause

some minor perturbation in local reinforcement of the ring frames,

but it is expected that this structural weight perturbation will
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fbé minimal; Floors and partitions wiil carry the loads due to

crev and mounted equipment, but the basic design‘must remain

'“cie665 in order to”afférd’éhevhaxihum'pbssible éénfigufatiéﬁ EERNN

3.4.3.2 End Closure Design -~ The Cassinian dome, chosen as the

baseline end closure for this study, has an internal radius of

80 inches and an internal rise of 53.978 inches. The Cassinian
curve may be used to design a wide range of shapes with a minimum
of discontinuity stresses.. Hemispherical and ellipsoidal domes
are speclal cases of tne Cassinian dome. The meridional curve §E
a Cassinian dome contains two.parameters that permit much
flexibility in mecting design conditions. The parameters m and n
were selected to yieid a minimum rise under the condition of all
tensile membrane stresses during internal pressure loading

(m = 0.19 and n = 1.167 -~ see reference 2). The Cassinian dome

. . end closure has the highest strength-to-weight ratio under

pressure loading than any of the other configurations considered

in this study.

A 60-inch diameter hatch is centrally iocated in each
end closure aé shown in figure 3.4.6. The hatch opening is
bounded by a torus to provide a minimum distortién seal surface.
The door of the end closure is mounted on parallel rails for

cliding operations so as to minimize the encroachment into the
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element functional area. The door has a centrally located window.

) -HA séndwich-type( lens-shaped door was considered. iA‘membrane-type

,ilightwéighf door has been conceived as an alternate desién.

Four struts connect the torus area at the door seal to
fittings in the cylindrical section of the modular element. The
struts are located so that the door slides along the wall betgeen
two of the struts. The four struts are not required for strength
under pressure loading. As presently conceived, the inertial

"loading due towdocking‘willﬂzQQUire the strut configuration. -

The struts do not seriously infringe upon the clean
volume concept. However, an alternate design to accommodate the
inerﬁiél loads wés formulated. The alternate load path was
providéd by a "bird cage® structure exterior to the Cassini dome
closure. This concept weighs over 400 pounds in comparison to 160

.. pounds for. the recommended- four-strut-design.

3.4.3.3 Weld Joint Design - A weld land of 0.12 inch, or "2t,"

was used at the dome/cylinder circumferential intersection. This
velded joint was analyzed in detail for stresses iﬁ che weld area
because of pressure loading. VSihce the module is so large, it is
doubtful that the joint can be conditioned after welding and would
lead to a possible weak area with respect to strength and life
integrity. Additional stresses in the weld because of hismatch
and sinkage discontinuities, were calculated to establish

manufacturing tolerances.
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3.4.3.4 Supportinq Analysis - Reference 3 is a comphter

analysis o£ a Cas inian dome Space Station module very sinilar to

'the design considered for this study.' Of particular 1nterest is

the analysis of a torus/cassini dome area surrounding a docking
hatch. This analysis not only confirmed a design which did not
require the struts for pressure loading f the shell but also .

confirmed that the torus and shell combination possesses

" sufficient torsional and bending stiffness to minimize the

distortion of both the inner and outer sealing surfaces of the

~ docking interface., " T ‘

Loads at the docking interface will require four
struts to ttansfer the load to a ring frame in the cylinder of the
module. The monocoque shell structure of the dome will not
provide the needed load path without buckling even though it is

assumed to be pressure stabilized. The following analysis was

. required-ﬁon.the'Qtrpt:sizihg,in.whicb,i;,waq.assumed that two of |

the four struts carfy all the load.

Strut Sizing - The ultimate load factor is assumed to

be 1.0g. From Figure 3.4.7 the reaction couple for is

(40000>é%-0)(276) - 1840004

The maximum tension and compression load in the str:z .=

. (1340g8?£63.3) - 230638"

o
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GEQOMETRY USED FOR SIZING STRUTS

~ FIGURE 3.
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ultimate tension and compression stress in the tube
_ 230638 _ .
O""7E7WET‘ 49000 psi
buckling allowable from Figurc 3.4.8 for
30 - isgk' ¢ R o P
q-
3 49000 psi

weight of each tube is approximately 30 pounds.

pounds should be added to each tube for end
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3.4.4 Meteoroid Protection

The Space Station requirement established in this

study for meteoroid protection reliability, states that the
station will have a 90° probability of no penetrations for ’
10 years. Using the criteria of references 4 and 5, it can be"
Seen that a single module skin thickness required to meet this
requirement is over l-inch thick. Therefore, It is recommended
that the meteoroid pretection system use the meteoroid bumper

concept. This concept requires that an outer shield be placed

around the module (usually aluminum) that will act as a meteoroid

<

bumper. The purpose of the bumper is to slow down the meteoroid e

as well as break it into smaller pieces. Experiments using
hypervelocity impact projectiles and aluminum targets have
optimized the bumper thickness and spacing betweer. the bumper and
the pressurized shell structure that will cause the meteoroid and
the impacted metal to vaporize resulting in a gaseous impact
loading on the pressurized shell structure.

.
o« e PR

Using the meteoroid shield concept, the shielad
thickness required to meet the design requirement of 20%
probability of no meteoroid penetration for 10 years is .037
inches; The required pressure shell thickness to.withstand this
impact without having a penetration is .080 inches for a spacing
of two inches between the shield and the pressure shell, or

.057 inches for a 4-inch spacing.
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‘éecause of the modular concept, a punctuted modcle
could be shut off from the rest of the utation and could be
~repaired or replaced. Because of the replacement capability of o
the module concept, perhaps a probability of 90% of not having a
penetraticn for three years would be a more reasonable goal. For
this requirement, the shield thickness becomes .027 inches thick
and the pressure hull would be .040 inches thick at the 4-inch
spacing which happens to be the same internal pressuré requirement
plus a 25% increase for impact damage. However, in keeping with
the original design requirement, it is recommended that the outer
VStield thickness be .040 inches AHd thehprcssute shell thickness
be .060 inches with a 4-inch spacing between the shield and the

pressure shield.

3.4.5 Module Weight

The primary structural weight has been calculated for
the modular element in its "clean® condition; i.e., less floors,
'~parfitioﬁs;'dockiﬁg'mechanismsu-etba--Some-cf-the}omittedfitems
are included 15 secondary structure and the remaining items are
listed as subsystems. Avtotal launch weight of 40,000 pounds was
assumed. The basic skin thickness was .060 inch. The weight was
accurately calculated, but some minor perturbatioa will occut_ftom

the detailed analysis of the structure.
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* ~The distribution of weight in a basic modular elemeht

~with Cassinian dome endhclosurés and a basic skin thickness of

.060 inch is as .follows. - . - Ty v e e ©
A. Cylindtical Sidewall Assembly . 4191
B. Dome Assembly 4516
C. Total Primaty Structure 5707
D. Secondary Structure (10% of Subsystems) 3118
E. Subsystems
Meteoroid Protection ' 952
Seals 64
Thermal Insulation 373
Remainlng Subbyvtems . 29,786 o< 31,175
Total Launch Weight 40,000 1bs.

The cylindrical section weight breakdown is as follows

A. Skin (t = .06) 1315
B. Rings (9) | | 696
C. Longerons (162) 1907
D. Mounts 35

,g,,,ye;q Lands., .. .. - ..., .. 238

4191 pounds
The breakdown of the weight in the Cassinian-dohe ¢nd

" closure is represented in line 1 teble 3.4.1. The skin gage was

assumed as .060 inch (meteoroid reyquirement) and not the .032 inch.
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TABLE 3.4.1 ° END CLOSURE WEIGHT COMPARISCN | B
FGR A 14-FQOT DIAMETER CYLINDRICAL : :
- TANK UNDER 29.4,PS1 PRESSURE

GEOVETRIC . : COMPONENTS . 3 ! TOTAL :
SHAPE Docking _ Core ov Weldand | = -
Cylinder Torus | Collar Door Beams, Skin . Weld
. f ‘ ) Rings, etc Lands
Cassinfan _ N ' T ’
. 1 Dome ’ 128 60 34 183 160 156 37 : 758
Elliptic . ‘
Come 128 - 60 33 183 160 156 .37 758
Conic Dome 128 .} 60 | 34 183 215 230 37 887
Spherical : A ' o .
Dome 128 60 ¢ 34 183 . | 160 202 37 .| 804
Flat ) . 3 .. 1
Sendyich 141 . - ’ 80 183 540 192 .50 - 1 166
Flat . . ' n
Beam/Skin/ || 188 60 : 34 183 545 . 103 47 | 1160
Stringer ) ) -

area g



required for pressure loading. The weights shown are based on :

‘detailed computer analysis of the‘modulat element under pressure

o

loading. The inertial loading from a dockiqg"environmeng has been

considéfed for the strut analysis in a ®slide rule®™ calculation.
Thorough analysis of the module structure in an artificial

g-environment is pending. .

A compérison of the weights of primary structure
required for various types of cylinder end closures is given in
table 3.4.1. The weights were obtained frcm a cursory des@gn and
énéi&sis sfﬁdyLéné atevnoﬁ necéséarily oLtimum structure. Thé
Cassinian, elliptic, and spherical domes are essentially equal in
weight, but the Cassinian dome has the lowest discontinuity

stresses,

3.4.6 Manfacturing Summary

3.4.6.1 Materials Selection - Aluminum alloys were

- . selected’ asthé ‘primary structural materials for the Space Station

module. The ratibnale fér selection was based on the low cost,
lightweight, and fabrication ease of aluminum as compared to othe}'
candidate structural materials. Two specific alloys, types 2219
énd 6061, were incorporated because of their good weldability ang
their successful application on previous manned syaceflight
programs. Past experience with these two aluminum alloys has
established proven fabrication techniyues and procedures which

should provide flight hardware at a minimum development cost.
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. 3.4. 6 2 Fabrication Considerations - The fabrication

of the Space Station module presents several problems because of

‘its relatively large size (approximately l4~-feet diameter and 46

feet long). The module is basically a cyclindrical structure

'capped at each end by some type of structural closure.

The fabrication of the cylindrical portion of the
module can be accomplished, using existing manufacturing

technology. Ine procedure for Fabricatmg the cylindrical portion

<

could be as follows

A. Use 2% thick, 60" wide, flat plate stock, 2219-7351
aluminum alloy to make cylindrical segments.

B. Rough machine plates to form integral longitudinal
stringers.

C. Roll or stretch form rough machined plates to
proper contour (14 feet diameter).

'?fnibh'médnine'(using'chemical milling) to fimpal.

membrane thickness and weld land configquration, allowing for

future dimensional changes in processing.

E. Age cylindrical segments to T851 heat treat
condition.
F. Assemble the cylindrical portion of module by

welding all segments together,
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The fabrication of the end closures for the module

tequires somewna; different manufacturing techniqueu, depending on

the geometric shape of the closure. 1In this study, six types of
S -+ . end closures were-investigated: Cassinian dome, elliptic dome,
spherical dome, conic dome, flat bulkhead (beam/skin/stringer
constuction), and flat bulkhead (sandwich construction). The
Cassinian dome was selected as‘the baseline design end closure fo}
;ll”“ e comparison with other type closures., Fabrication considerations

for the end closures are included in the following sections.

e 4 < N R a " 3 PN <
¢ «

- 3.4.6.3 Cassinian, Elliptic, and Spherical Dome
Fabrication -~ The fabrication techniques for
. the Cassinian, elliptic, and spherical dome end closures are
L similar. The design of these closures does not require integral
\ stringers or similar reinforcement; therefore,.relatively thin
- sheet stqck (approximately 1/8% thick) can be used in their

construction. Ideally, these domes should be fabricdted from a,
' .éinéle sheet of 2219 T851 aluninum alloy, however, the maximum
capacity of existing aluminum sheet rolling mills restricts the
final sheet sizé to approximately 10 feet widd. Twenty-foot-wide
sheet stock would be required to fabricate each dome fnom a single
" sheet. The limitation on sheet stock width necessitates welding |
an assembly of pie-shaped dome segments. Two or more segmenta can

be used in assembly, but only two segments would be perferred to

minimize the welding requirements.
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"The fabrication of each dome could be done using the

following ptdcedurés

. . A. Use 1/8" thick, 120" wide, flat sheet stock,

©.2219-T351 aluminum alloy to make dome segments.

B. Trim and roll segments to the approximate flat'
contoui regyuired.

C. Form (using explosive or hydroelastic press-forming
techniques) to the exact dome contour dimensions.

D. Finish machine (using chemical milling) to £final

membrane thickness and weld land configu:ation, allowing for

o Fa fais

E. Age dome segments to T851 heat treat condition..

F. Assemble the module dome by welding the segments

together.

Othér methods for fabricating a one-pliece of unitized y

dome closure were investigated, included were shear forming,

. e

shear forming abpears ﬁo be feasible because of limitations in the
mximum width of available sheet stock. Shear forming may be used
because the thicker plate material is thinned during forming,
resulting in‘a larger diameter finished product. The problem of
heat treating a l4-foot diameter dome to acceptable strength '

levels after shear forming requires further study.
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3.4.6.4 Conic and Flat Bulkhead Dome Fabrications -

"~ Phe conic and flat bulkhead dome fabrication is more complex
because’ the design requires integral Stiffeners to catryvéhé ) " ;{> °
loads. The details Qf the design have not been established, but
previous fabrication experience can be.incorporated to manufacture

these domes with essentially no development work reqbired.

The conic and flat bulkhead (beam/skin/stringer
construction) can‘be fabri;ated using techniques similar to those
used in the cylindrical portion of the basic modular element. The ~ °° o
Martin~Marietta Corporation incorporated a flat bulkhead design
(beam/skin/stringer) in the 15-foot diameter Subsystem Test Bed

vehicle that was delivered to JSC in 1971.

The flat bulkhead (sandwich construction) was also '. i

considered in this study, primarily to obtain a fabrication cost :
.-;.comparison with the. other domes, .Its fabrication can be
accoﬁplishéd with proven skin and honeycomb construction

techniques used on previous manned spaceflight vehicles. ' “

3.4.6.5 Fabrication Cost Comparison - The relative

costs of six types of end closures were compared. The Cassinian
dome was selected as the baseline cost reference. A breakdown ot
comparative costs is presented in figure 3.4.9. This cost

comparison includes factors related to fabrication of the end
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closures only. The cylindrical portion of the module was assumed

to be the same for each dome shape, although lcnger cylindets will

be required for the two flat bulkhead designs to maintain a

constant module'overall length.

The primary factors evaluated in developing relative
costs of the various domes included fabrication techniques andl
complexity, materials availability and costs, design weight, and
previous costing experience. Perhaps th* most signlficant cost
factor was design weight because weight is indirectly related to
the load-carrying efficiency of the dome structure. As a result,
the Cassinian dome proved to the least costly of the six domes
evaluated. The gradual transition of the cylindrical portion of
the module to the Cassinian dome closure minimizes structural
discontinuities which require heavy reinforcement of the
load-carrying members with a resulting increase in weight.

3.4.6.6 PFabrication Summary and Recommendations -~ The

.possible manufacturing procedures for fabricating the cylindrical

portion and the various end closures for the Space Station module

were reviewed and evaluated. For least cost, the curved dome end

bulkheads (Cassinian, elliptic, and spherical) were favored

because of a more efficient load-carrying design. The fabrication
of the curved domes was limited, however, to segmented and welded

assemblies because of present aluminum alloy sheet width rolling.

mill capacities.
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The following additxonal ta ks are recommended to

investigate other areas, not 1nc1uded in _the present design, for

©

turther reduction of fabrication costs

A. Explosive forming or spinning of unitized domes,
using welded sheet stock. ‘

B. Shear forming of unitized domes, using thick plate
stock. - - 4

C. Assembly of external or internal structural
stringers and rings, using adhesive systems and/or mechanical
D. Evaluation of other candidate alloys in more
detail, such as nonheat treatable aluminum alloys and maraging

alloy steels for the structural shell.

3.4.7 Tunnels

The component of the Space Station which permits

-.a crew member tc -go from-one- mbdule' to another module (across’ the

truss) are the three tunnels. The tunnels also satisfy the

requirement for a dual escape from the modules in case of fire,

and other emergencies.

.~.Bach tunnel is constructed of three telescoping
sections that are .03 inches thick, four feet in diameter, with

two internal layers of flexible but relatively inextensible

225;
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membrane for containxng the pressure (see figure 3.4. 10). The
collapsed tunnels are stowed for launch in the void exxgting dan
the center of the modules. A system o: pretengioned cables will
react. the axial load caused by internal pressure, thus, elimi-
nating additional load on the modules.

Alternate Concept to the Tunnels

One alternate concept that was cénsidered in place of
the three tunnels is the cable car'concept. Each tunnel is
replaced with' a pair of cylindrical capsules having docking ports’
on each end, dra:~ by cables, mounted on opposite sides of a
taut cable system (see figure 3.4.11). Each habitable module will
have two docking ports and a cable driven system instead of a

tunnel interface.
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.. Shuttle launched ‘Space Station module. The results of this study

3.4.8 'Conclusione and Recommendations

This section has prosented analyais and rationale

to establish the feasibility for the design and manufacture of a .

haee'determined one specific size and shape of module which may i
change as the Space Station configuration becomes more defined.
However, this study was conducted to verify the feasibility of
manufacturing a universal size module. As the Shuttle load .
carrying capability becomes better defined, it is recommended that a
more detailed and rigorous module study be performed. It is also
recommended that additional thought be given to the meteoroid

penetration and debris requirement.

The Casainian dome end closure concept is recommended for

the baseline ‘design for the followlng reasons

A. The shape of the dome will add a few more inches to
the cylinder length resulting in a larger internal volume.

B.- .The discentinuity ‘stresses at thefjunctufe'of'the
dome and cylindef are less than other dome shapes. . a

C. The Cassinian has the highest strength-to-weight
ratio than other domes. |

D. Least costly to manufacture.
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'it was found that all end closures examined in this

study would require additional astiffening to withstand external

< "docking loads.. The concept chosen for the baseline was the addition’

of four tubular struts to transfer these loazds from the docking ring
directly to the cylinder ring frame. _The'arrangement of theselsgruts
was situated so that they would not interfere with head space or

hatch opening and closing; however, these struts could be removed in

orbit and stowed 1f necessary.
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4.0 ,Buildqg Seéuence

The order of the Space Station buildup sequence is

important to minimize the number of Orbiter flights and the EVA

requirements. In addition, it is desirable to have a Space
Station that can be inhabited as early in the buildup as possiblt.
The objective of.this sectidn is to define a tentative buildup
sequence with the above constraints. Based on this study, a total
of eight Orbiter flights is required for a fully operational

station but it can be inhabited after the second flight. The

'buildup will be in the following sequence

I

Delivq;y Flight No. 1

The Orbiter arrives at the Space Station orbital
location with the following hardware in the cargo bay |

A) Three deployable trusses

B) Solar cells

C) Radiators

D) Control moment gyros (CMG)

The threeidepioyable trusses are removed froh the 4
payload bay, jolned together at the three apexes and deployed . to
full size. Preferrably, the three trusses could be joined prior

to launch, removed from the Orbiter payload bay, and deployed as a

.. single unit.
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The solér cells are deployed néxt. EVA will probably
be required for final solar cell connections to the truss. The
radiators are also doployed and connectcd to the outside of

another panel, See figure 4.1 for the Space Station configuiation

after this first flight.

Following the above sequence the solar cells can be

checked out and truss joints inspected prior to Orbiter retutn.

. One advantage to the above plan deployment of the_three
trusses, solar cells, and radiators is that complete checkout can
be aczomplished prior to any modules being brought to orbit.
Module delivery and connection to the trusses is expected to be

less difficult than truss erection,

Delivery Flight No. 2

Flight No. 2 begins the module flights, the first of
'which is a combination service module - habitat module. This
first module can house the first crew in a part of the module,

_The SM/HM could function as a "mini" Space Station until further
buildup.

Deployment of the SM/HM from the payload bay is
accomplished with the (RMS). The triangular truss is held by the
handling and positioning aid (HPA). The SM/HM is then conneqted
to the truss by‘using the Orbiter RMS to position this moduletinto

_place as shown in fiqure 4.2. , S : .
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érewmen. The solar cells are connectcd to the module electtical

-

The truss to module Jointa are then 1ocked by EVA

<

system, The ECLS system is connected and the Space Station is

then functional on a small scale. See figure 4.3.

Delivery Flight No. 3 ]

Orbiter f£light No, 3 will bring a logistics module to.n

orbit. The station will be held in position by the HPA and the
logistics module will be removed from the payload bay by the RMS
and attached to the truss joints by the same method used with the
SM/HBM. ' The légistics module will be berthed to the end of the

SM/HM to complete a two module side of the triangle as shown in

figure 4.4.

Delivery Flight No. 4

Flight Nc. 4 may be the optimum time to bring the

‘' manipulators--to-the -station ‘as -shrdwn: in "figure 3.2-14.- Both tan*

be carried in the payload bay, off-loaded and attached by the RMS
and EVA crewmen. These manipulators will be attached to the edge

of the tetratruss as shown in figure 4.5.

236

e



Delivery Flight Mo, 2
‘e Service - Habitat Module

%

LET

Service and *
Habitat HModule

Fig. 4.3. Delivery Flight No. 2.

ga'

itnINg

ALITVND #o0d

ar wy .

%
.
A

“n, T o«

Sy N
% \

e .

N

N
3

\

)
T W ST

~Rhe SN

n



8€T

R e T N . K ks ~_ e v~\
AN i % TSR s \\ i * N - 2 3
g e ey - ~ J 3
Y o _ \, .
- % RN -~ - ’ s ®
i R g \

Delivery Flight Ho. 3

'

@ Logistics Hoduie ) ) | ’ . P e

5 5 ; ~.
Y L i <
c ~—
P £ -
23 { -

A i

’

b Ay !
'

a 6
{4
—
o~ N
\ <
21/
/e 5 e s
)
gy
y o ek
o Y

e
Logistics Module -
Fig. 4.4, Delivery Flight No. 3. e



2

6€T

et
|
bt
‘
.

e =

Delivery Flight Ho. 4.

e Two Manipulatér Systems' {

.
At
Y
~ . \
~
e
N .
vV
~
.
2
Dry
R
) :
<4
Y
(5

Fig. 4.5.

Delivery

Flight No. 4.

06

Manipdldtér

(typical)

: ; =
= \ Al
LA W 4 A
\, Y
- N
o " AR
( ",.'_,..-—"“—‘»
\‘\ .
\ .
. “.\A-' =
\{‘
\
\
< - &
- \\\
?
r“ ‘\
. c Z "
3
‘90
‘88
- 32
= v
o 5o =
(=B
- oy
O =1
¢ £ 3 °
a2 L
Ll s -
A
=3 e
A V7
) -]
..
¢ L3 s e
System
e
« e : k.
e. © @ 3
s ‘ i
§
< e N
¢ -]



, X . ‘ i ". - . \
P ) AN
) ' I ‘ L . P &
- — F\‘ ;pt‘('\%Q\\ ‘s,»\\'\:.:“.\. '.-;\;.... . - ,' - » . -l L ‘» R . . . . . : \

t -~l‘ ‘L‘“'X RARUREES el Yo

{
'

e ‘ Delivery'?lights 5,6,7, and 8

oo SN - s The next four flights are to be used to complete the'fi
Csix module Space Statxon as shown in figure 4. 6. After these.
.modules are positioned and fastened into place, the three
connecting tunnels are installed into place as shoun in Figure
4.7. Buildup can be on an as-needed schedule (i.e., all 6 modules
are not required fo. the Space Station to- be completely
‘ | functional). Figure 4.8 shows the Space Station fully completed

and operational. ‘ ) LT ' . . I .

Hydrazine tanks, antennas, RCS thrusters, and other
eyuipment, will be taken into orbit as needed on module flights
and assembled by EVA crewmen. Many of these items can be brought

"to orbit inside the modules, removed and relocated later.

The logiotics module is used for the storage of
consunables, spare parts and equipmenc, and the stowage of waste
products for return from orbit. Because not all of the
consumables or spares will be used betweenleach supply or crew
rotation period, it would seem more practical to leave che
logistics module in place and have smaller containers of

consumables to take to orbit and smaller containers of garbage

and other wastes to be returned to earth.
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Delivery Flights No. 5 thru Ho. 8

‘@ Modules 3 thru 6.

241

0 e A 1 8 S, ARt

ORIGINAL pry s

v,bﬁ POOR ¢

Ve i m...\-

UALITY

Delivery Flights No. 5 thru No. 8.

Fig. 4.6.

.

e

< ot -



; S : , : . % ;/ "/“- & . TV _ﬂ ’
z . i F ; = -
ol - B . / /. . . ’

Ll - -E i ' . 2 o
== s me gt " e e i s -
!: ¥ - - ; A Y B PR A ‘J _____

»N

P~

»nN %

. Fig. 4.7. Positioning the Tunnels into Position.
-~ :>



. ~f
' =
o \.\ ’ -
\\ . ps o
*
7%
R
¥ .0,
SR NQQ&OOQMOM
) 0.&'00&”0’ &)
IS,
RSN A
- SERARLENKE
/r/i.ll...: A"’Q. .0~
ok A
ok

SV

ORIGINAL PAZE 3

' OF POOR QUALITY

243

The Complete and Operational Space Station.
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. . 5.0 CONCLUDING REMARKS - - . . ~ ... : ..
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The écsults of a 3-month preliminary design and analysis effort
has'been presented in this report. The configuration that eherged
consists of a very stiff deployable truss structure with an oﬁetall
triangular cross section having universal modules attached at the
apexes. Sufficient analysis has been performed to show feasi-

bility of the configuration.

This study emphasized an evaluation of the structure required to .
aécomplish the Space Station objectiveé. Desirable attributes of‘
this configuration are

a) The solar cells, radiators, and antennas will be mounted to
stiff structure to minimize control problems during orbit mainteﬁance
and correction, dockihg, and attitude cohtrol.' '

b) Large flat areas are available for_mbuhting énd ge:@icing of
equipment (OTV's,‘s;oragg containérs,.la;ge antehnas, etc.).

.. c)..hafgefmasg;itéms‘tan~bé.mpdﬁtéd'near the cehtér Qf'gfdviﬁy

of the system to minimize gravity gradient torques (and resulting

sontrol required) or can be relocated to help Stabilize‘thévsystem by

1258 redistribution.

d) ‘Tﬁe trusses are lightweight structufes and can be trans-

ported into orbit in one Shuttle flight.
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e) Theitrusses are expandable and will require a minimﬁm of EVA

for initial Space Station buildup.

f) The modules are anticipated to be structurally identical

except for internal equipment to minimize cost,

[} .

It is hoped that the work accomplished during this study will

have a impact on future Space Station configurations.

KASA-JSC
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